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Summary 
 
Catalonia (NW Mediterranean Sea) is the most important region for the aquaculture of shellfish 
and fish in the Mediterranean coast of Spain. The production areas are mainly located in the 
Ebro Delta bays (Alfacs and Fangar Bays), where their high concentration of phytoplankton that 
sustains the shellfish aquaculture sector occasionally leads to one of the most concerning 
problems of the industry regarding food safety: toxic Harmful Algae Blooms (HABs). In fact, the 
Ebro Delta bays were proposed as pilot sites for the study of HABs in Stratified Systems within 
the Global Ecology and Oceanography of Harmful Algal Blooms (GEOHAB) program, and 
represent a valuable model to study HABs in Mediterranean coastal embayments.  
 
This thesis aimed to improve the application of liquid chromatography coupled to mass 
spectrometry (LC-MS) methods for the study of lipophilic and emerging toxins related to HABs. 
More specifically, this work addressed three current challenges of the study of toxic HABs by 
LC-MS: the implementation of suitable monitoring strategies to protect public health and the 
shellfish aquaculture sector, the study of the unpredictable nature of toxic HABs, and the role of 
analytical techniques in the identification and confirmation of marine toxins, especially 
emerging and new toxic compounds produced by marine microalgae.  
 
Chapter 1 and 2 present a General Introduction and the Objectives of this work.  
 
The first scientific contribution (published; Validation of LC-MS/MS chromatographic 
conditions for lipophilic toxins, Chapter 3)  shows an extensive assessment of the applicability 
and suitability of four chromatographic conditions for the determination of six groups of 
marine lipophilic toxins (okadaic acid and dinophysistoxins, pectenotoxins, azaspiracids, 
yessotoxins, gymnodimines and spirolides) by tandem LC-MS (LC-MS/MS) to select the most 
appropriate conditions according to the requirements of the European Union Reference 
Laboratory for Marine Biotoxins. In this study, a single-laboratory validation was performed for 
the analysis of three relevant matrices for the seafood aquaculture industry (mussels, pacific 
oysters and clams), and for sea urchins, a poorly studied matrix but relevant in the gastronomy 
of our study area. Moreover, we compared the performance of the method under alkaline 
conditions using two quantification strategies: the external standard calibration and the matrix-
matched standard calibration. Alkaline conditions with external standard calibration and 
recovery correction for okadaic acid were selected as the most adequate conditions in the 
context of our laboratory. This comparative study could help other laboratories to choose the 
best conditions for the implementation of LC-MS/MS according to their own necessities.  
 
The second scientific contribution (submitted; Dinophysis bloom and DSP shellfish toxicity in 
Alfacs Bay, Chapter 4)  reports a comprehensive study of a diarrhetic shellfish  poisoning (DSP) 
outbreak in a Mediterranean coastal embayment, Alfacs Bay, integrating phytoplankton data 
and LC-MS/MS analysis of shellfish samples (mussels and oysters), phytoplankton concentrates 
in filters and solid phase adsorbing toxin tracking (SPATT) devices. The ban for bivalve 
harvesting lasted 78 days, from late winter to the end of the spring of 2012, due to a harmful 
algae bloom of the toxic dinoflagellate Dinophysis sacculus that fluctuated in three abundance 
peaks, reaching maximum abundance of 2220 cell/L. Mussels sampled during the bloom 
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contained okadaic acid (OA) up to 3.7 times the maximum permitted level set by the European 
Commission, and pectenotoxin-2 (PTX2) at lower concentrations. Oysters also contained OA 
and PTX2, but always below the maximum permitted level. Cell toxicity measured from 
phytoplankton concentrates in filters was most likely overestimated and it did not contain OA-
diol esters, but it increased towards the end of the bloom. The applied monitoring strategy, 
based on the measurement of Dinophysis cell abundance in the water column, was effective to 
protect public health and did not extended the regulatory closure unnecessarily, but may need 
revision in light of our results. Concentration of DSP in SPATT devices followed Dinophysis 
abundance dynamics, but its potential as early warning systems of the DSP accumulation in 
shellfish is still under consideration.  
 
The third scientific contribution (published; Confirmation of pinnatoxins and spirolides by 
HRMS, Chapter 5) presents the first detection of pinnatoxin G (PnTX-G) in Spain and 13-
desmethyl spirolide C (SPX-1) in shellfish from Catalonia. Cyclic imines are lipophilic marine 
toxins that bioaccumulate in seafood and show acute neurotoxicity in mice. Despite cyclic 
imines have not been linked yet to human poisonings and are not regulated in Europe, the 
European Food Safety Authority requires more data to perform a conclusive risk assessment for 
consumers. Pinnatoxin G and SPX-1 were found at low concentrations in mussels and oysters, 
and PnTX-G has been also detected in seawater samples using SPATT devices. These cyclic 
imines were confirmed with both Low and High Resolution MS by comparison of the response 
with that from reference standards. For other analogs without reference standards, we applied a 
strategy combining Low Resolution MS with a triple quadrupole mass analyzer for a fast and 
reliable screening, and high resolution MS for unambiguous confirmation, carefully discarding 
false positives.  
 
The fourth scientific contribution (published; Ovatoxin-g and isomeric palytoxin by LC-
HRMS, Chapter 6) investigates the toxin profiles in cultures of six new strains of Ostreopsis cf. 
ovata isolated from the south of Catalonia. Toxin profile of these strains contained ovatoxin-a, -
b, -c, -d and –e, at concentrations per cell remarkably higher than toxin quotas reported for 
other Mediterranean strains. In addition, our strains produced two minor compounds, 
ovatoxin-g and an isomer of palytoxin (formerly known as putative palytoxin), whose structures 
had not been elucidated before. We studied their structures in crude algal extracts through LC-
High Resolution MSn, and as a result, tentative structure was assigned to both compounds: 
ovatoxin-g (46-dehydroxy ovatoxin-a) and isomeric palytoxin (formerly “putative palytoxin”), 
which resembles palytoxin but it is hydroxylated at C-42 and in the segment from the A-side 
terminal to C-8, and dehydroxilated at C-17 and most likely at C-64. 
 
Finally, General Discussion can be found in Chapter 7 and the General Conclusions of the 
thesis are summarized in Chapter 8.  
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1 General Introduction 
1.1 The control of marine microalgal toxins in the aquaculture areas of 
Catalonia 
The Mediterranean Sea has shaped the history, culture and way of living in Spain. The Spanish 
Mediterranean coast hosts about a third of the population of the country, and sustains most part 
of the successful touristic sector that accounts for 10% of the Gross National Income [1]. 
However, the exploitation of the Mediterranean ecosystems has not always been sustainable, 
which leaded to serious degradation in the services provided by the sea [2]. For instance, the 
total capture production of fish in marine areas of Spain decreased 22% in 30 years (1982-2012) 
due to the over-exploitation of the wild stock [3]. In fact, Spain cannot cover the internal 
demand for fish and seafood products, which is almost 40 kg per person per year, one of the 
highest in the European Union [4, 5]. In consequence, aquaculture has been considered a 
solution to reduce the pressure on over-exploited wild stocks of fish, potentially guaranteeing 
food safety and sustainability [6].  
 
 
Figure 1-1. Map of the Ebro River Delta bays (NW Mediterranean) 
Catalonia is the most important region for the aquaculture of shellfish and fish in the 
Mediterranean coast of Spain [7]. The production areas are mainly located in the Ebro Delta 
bays, in the south of the region: Alfacs and Fangar Bays (50 and 12 km2 respectively, Figure 1-1), 
which produce about 3,000 tons of bivalves per year [8] thanks to their hydrodynamics and 
ecological characteristics: they are quite shallow, have relatively long water renewal periods, and 
regular inputs of fresh water [7]. More importantly, the primary production in the bays is ten 
times higher than in the surrounding open sea [9], partly due to the high concentration in 
dissolved inorganic nutrients from the irrigation discharges [10].  
 
The high concentration of phytoplankton that sustains the shellfish aquaculture sector 
occasionally leads to one of the most concerning problems for this industry [11]: toxic Harmful 
Algae Blooms (HABs). Proliferations of microalgae causing HABs are a natural, world-wide 
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problem, whose increasing prevalence in coastal ecosystem gained great scientific attention 
about twenty years ago [12]. Negative impacts caused by HABs include water discoloration, 
oxygen depletion from the water column, damage in fish gills, and the production of toxins that 
are harmless to aquatic organisms but can reach the human food chain [12], which are referred 
as “toxic HABs” in the present work. Toxic HABs threaten food safety, since the ingestion of 
contaminated shellfish and fish can cause serious gastrointestinal and neurological illnesses that 
can be even lethal. Moreover, some phytoplankton blooms produce toxins that may affect 
humans accidentally exposed by swimming of breathing marine aerosols [13]. The efforts to 
research this phenomena have resulted in a dramatic increase in the number of microalgae 
species considered as “toxic” (or toxin producers) in the last two decades: about 40 species were 
claimed as potentially toxic to humans in 1993 [12], while current databases describe 110 
eukaryotic species of toxic marine phytoplankton, mostly dinoflagellates (79 species) and 
diatoms (15 species) [14].  
 
Toxins from microalgae are secondary metabolites that can bioaccumulate in edible tissues of 
filter feeding organisms, such as mussels and oysters, the traditional species for shellfish 
aquaculture in the Mediterranean region [6]. Shellfish toxicity related to toxic HABs has been 
normally classified (as reviewed in James et al. [15]) in five main syndromes caused by the 
ingestion of contaminated bivalve molluscs ( 
Table 1-1): paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP), neurotoxic 
shellfish poisoning (NSP), azaspiracid shellfish poisoning (AZP) and diarrhetic shellfish 
poisoning (DSP). With the exception of brevetoxins (causing NSP), the concentration of these 
marine toxins in shellfish is regulated in the European Union [16]. European regulations have 
protected public health and permitted the management of shellfish production areas for years, 
and regulatory levels for okadaic acid (OA), azaspiracids (AZAs), saxitoxins (STXs), domoic 
acid (DA), and their derivatives, have been generally effective to prevent toxic outbreaks. 
However, for some toxins the regulations may require revision, since some compounds have 
been proven not to be related with their original syndrome, such as pectenotoxins (PTXs), no 
longer considered diarrhetic, or yessotoxins (YTXs), which are even questioned to be toxic  for 
humans [17]. On the other hand, the classification based on toxic syndromes leaves out the 
heterogeneous group of “emerging toxins” (Table 1-2), that includes recently discovered toxins 
(such as pinnatoxins, PnTXs), known toxins that have recently appeared in new locations (such 
as ciguatoxins, CTXs, in Europe), and non-regulated toxins that became a threat to public health 
(such as palytoxins, PLTXs) [17]. Tetrodotoxins (TTXs), although produced by bacteria instead 
of microalgae, are usually included in this emerging toxins group, since they cause a potent fish 
poisoning syndrome that is gaining great concern.  In the Mediterranean region, tetrodotoxin 
poisoning has been confirmed after consumption of Lagocephalus sceleratus (elongated puffer 
fish) [18], which is originally from the Indo-Pacific region but has migrated from the Red Sea to 
the Mediterranean Sea through the Suez Canal, a phenomenon denominated “Lessepsian 
migration”. Since its first confirmed record in the Mediterranean in Turkey and Greece in 2005 
[19, 20], Lagocephalus sceleratus  has been detected in Israel, Cyprus, Lebanon [18, 21, 22] and 
recently in Catalonia [23].  
 
A more suitable classification of marine microalgal toxins relies on their chemical characteristics 
[24]. Marine microalgal toxins belong to three chemical classes: amino acid derivatives (domoic 
acid, DA), alkaloids (STXs and TTXs) and polyketides (the rest). Microalgal toxins are usually 
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referred as small compounds (300 to 1500 Da), excluding PLTXs and maitotoxins (MTXs), 
which are larger than 2000 Da. Most microalgal toxins are lipophilic compounds, except the 
smallest toxins (STXs and DA), whose acid and basic groups rule their hydrophobicity. 
Palytoxins and MTXs have long carbon chains and several polar functions, thus they can be 
considered as amphiphilic. Yessotoxins also show amphiphilic characteristics, but in Europe 
they are legally considered as lipophilic toxins [25].  
 
European reference control methods for marine toxins in shellfish trend to favor analytical 
techniques. Methods based on high performance liquid chromatography (HPLC, usually with 
ultra violet (UV) detection) are the reference control method for ASP toxins, and antibodies 
based methods (Enzyme-Linked Immunosorbent Assay, ELISA) can be applied as screening 
tools [26]. For PSP toxins, HPLC with fluorescence detection (FLD, known as the “Lawrence 
method”) is officially accepted, although the reference control method is still the mouse bioassay 
(MBA) [27, 28]. For lipophilic toxins (AZAs, OA and DTXs, PTXs, and YTXs), the current 
reference control method is based on liquid chromatography coupled to mass spectrometry 
(LC-MS) [25]. The adoption of LC-MS as the reference control method for lipophilic toxins was 
introduced recently in the European Union, on July 1st 2011, to replace MBA as the former 
reference method[27]. Both methods coexisted until December 31st 2014, when LC-MS became 
the only reference method for lipophilic toxin control in shellfish in the European Union [25], 
after being validated in several collaborative (inter-laboratory) exercises [29, 30]. 
 
In Catalonia, the toxic phytoplankton species and their related toxins in shellfish are monitored 
on a routine basis since 1989. the Institute IRTA-Research and Technology-Food and 
Agriculture, is in charge of this monitoring program since 1999. The strategy of the monitoring 
program has been proven to be an efficient tool to protect public health in the study area, which 
is based on the quantification of toxic species of phytoplankton in the water column as an early 
warning parameter of shellfish toxicity. When a certain abundance threshold is surpassed 
(adapted for each toxic species or toxic group of species), shellfish samples are analyzed 
according to their reference control method. The approval of LC-MS in 2011 as a coexisting 
official method for lipophilic toxins in shellfish was adopted at IRTA as an opportunity to 
investigate the dynamics of blooms of toxic species and its related toxicity in shellfish. The 
monitoring of microalgal toxins by LC-MS improves the management of the blooms and the 
information that the program can provide to the aquaculture industry. Moreover, it enables the 
study of non-regulated emerging toxins and the discovery of new analogs that may threat the 
development of the aquaculture industry in the Catalan coast.  
 
 
 
 
 
 
 
 
 
 
 
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
4    Chapter 1 
 
 
Table 1-1. Classification of marine toxins regulated in the European Union and traditionally 
linked to shellfish poisoning syndromes. Formula and molecular weight of the principal 
compound of each group (underlined). “European Regulation” includes current regulations 
applicable in the European Union (in February 2015), maximum permitted levels (in units/kg 
shellfish meat) and reference monitoring methods. Reviews (Revs) selected as suggested 
references were published in the last ten years (2005-2015). 
 
Toxic syndrome Toxins 
European 
Regulation 
Chemical class 
Formula 
and 
molecular 
weight 
Polarity Vector Producer Revs. 
Paralytic shellfish 
poisoning (PSP) 
Saxitoxin (STX). 
neosaxitoxins, 
gonyautoxin and 
analogs  
800 STX Eq µg/kg 
[16]. 
Mouse Bioassay 
[27]. 
HPLC-FLD 
(Lawrence)  [28]. 
Tetrahydropurine 
alkaloid 
C10H17N7O4 
(299) Hydrophilic 
Bivalve 
shellfish 
and 
crustaceans 
Alexandrium 
spp., 
Gymnodinium  
catenatum and 
Pyrodinium 
bahamense  
[31, 
32] 
Amnesic shellfish 
poisoning (ASP) 
Domoic acid 
(DA) and 
analogs  
20 DA Eq mg/ kg  
[16].  
HPLC- methods 
Antibody-methods 
(ELISA) [26].  
Cyclic amino acid C15H21NO6 
(311) 
Hydrophilic 
Bivalve 
shellfish 
and finfish 
Pseudonitzschia 
spp.  
[33, 
34] 
Neurotoxic 
shellfish poisoning 
(NSP) 
Brevetoxin-B 
and analogs 
Not regulated in the 
EU. Regulated in 
USA, Australia and 
New Zealand [35] 
Ladder-shaped 
polyether 
C50H70O14 
(894) 
Lipophilic 
Bivalve 
shellfish 
and marine 
aerosol 
inhalation 
Karenia brevis [36] 
Azaspiracid 
shellfish poisoning 
(AZP)  
Azaspiracid-1 
(AZA) and 
analogs 
160AZA Eq µg/kg 
[16].  
LC-MS methods 
[25]. 
Polyether, second 
amine 
C47H71NO12 
(841) Lipophilic 
Bivalve 
shellfish 
Azadinium 
spinosum and 
Protoperidinium 
crassipes 
[37, 
38] 
Diarrhetic 
shellfish poisoning 
(DSP) 
Okadaic acid 
(OA) and 
dinophysistoxins 
(DTXs) 
160 OA Eq µg/kg 
[16].  
LC-MS methods[25] 
Polyether, spiro-
keto assembly 
C44H68O13 
(804) 
Lipophilic Bivalve 
shellfish 
Dinophysis spp. 
and 
Prorocentrum 
spp.  
[30, 
39-
41] 
Currently not 
associated with 
human illnesses 
Pectenotoxin-2 
(PTX) and 
analogs 
Included in the 160 
OA Eq µg/kg 
[16].  
LC-MS methods 
[25]. 
Polyether, ester 
macrocycle 
C47H70O14 
(858) 
Lipophilic Bivalve 
shellfish Dinophysis spp. 
[39, 
42] 
Yessotoxin 
(YTX) and 
analogs 
3.75 YTX Eq mg/kg 
[43].  
LC-MS methods 
[25]. 
Ladder-shaped 
polyether 
C55H82O21S2 
(1140) Lipophilic 
Bivalve 
shellfish 
Protoceratium 
reticulatum, 
Lingulodinium 
polyedrum, 
Gonyaulax 
spinifera 
[39, 
44] 
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Table 1-2. Classification of marine emerging toxins, not regulated in the European Union. 
Formula and molecular weight of the principal compound of each group (underlined). Reviews 
(Revs) selected as suggested references were published in the last ten years (2005-2015). 
Emerging toxins include recently discovered toxins, known toxins that have recently appeared 
in new locations, and non-regulated toxins that became a threat to public health. 
Toxic syndrome Toxins Chemical  class 
Formula and 
molecular 
weight 
Polarity Vector Producer Revs. 
Not associated 
with human 
illnesses 
13-desmethyl 
spirolide C 
(SPX-1), 
gymnodimines 
pinnatoxins, and 
analogs 
Cyclic imine, 
macrocycle C41H61NO7 (691) Lipophilic 
Bivalve 
shellfish 
Karenia selliformis, 
Alexandrium 
ostenfeldii, A. 
perivianum, and 
Vulcanodinium 
rugosum 
[45, 
46] 
Palytoxin 
associated 
syndrome 
Palytoxin 
(PLTX), 
ostreocins, 
ovatoxins and 
mascarenotoxins 
Polyol, 2 amide and 1 
primary amine 
C129H223N3O54 
(2678) Amphiphilic 
Bivalve 
shellfish and 
marine aerosol 
inhalation 
Ostreopsis spp. 
[47-
49] 
Ciguatera fish 
poisoning  
Gambierol Ladder-shaped 
polyether 
C43H64O11 (757) Lipophilic 
Several species 
of fish 
(“ciguateric 
fish”) 
Gambierdiscus spp. 
[50, 
51] 
Pacific 
ciguatoxin-4B 
(CTX) and 
analogs 
Ladder-shaped 
polyether 
C60H85O16 (1061) Lipophilic 
Maitotoxin 
(MTX) 
Polyol, 4 fused ring 
system 
C164H256O68S2Na2 
(3422) Amphiphilic 
Tetrodotoxin  
poisoning  
Tetrodotoxin 
(TTX) and 
analogs 
 Guanidinium alkaloid 
C11H17N3O8 
(319) Hydrophilic 
Fish, blue-
ringed 
octopus , 
xanthid crabs, 
gastropods and 
amphibians 
Bacterial origin: 
Vibrio spp. 
Pseudomonas spp., 
Bacillus spp.,  
Alteromonas spp. and 
others 
[52, 
53] 
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1.2 Challenges in the research and monitoring of marine microalgal toxins 
This work contributes to expand the theoretical and applied knowledge in the research and 
monitoring of marine microalgal toxins and shellfish toxicity. This field is experiencing 
nowadays some contextual changes that require fast adaptations. On one hand, the recent 
changes in European legislation have a great impact on institutions responsible of shellfish 
safety control that must adapt their protocols to the new reference method for lipophilic toxins 
[25]. On the other hand, public health problems related to emerging marine toxins are an 
increasing concern, due to the lack of exposition data and appropriate methods to monitor them 
and assess their risk. Therefore, this work focused on the application of LC-MS methods for the 
study of lipophilic and emerging marine toxins, aiming to shed light on three interesting 
challenges that this research field has to face: 
1.2.1 The implementation of the most suitable monitoring strategy 
Shellfish toxicity from microalgal toxins has an enormous economic impact on the aquaculture 
sector. In Korea, one of the biggest aquaculture producers in the world, marine toxins produce 
mortalities up to 10% of the total production of fish and shellfish [54]. In Ireland, microalgal 
toxins are the first factor influencing the productivity of the sector, and the main concern for 
producers due to the conflicts among stakeholders (producers, processors and regulators) 
during toxic outbreaks [55]. The economic impact of marine microalgal toxins has not been 
quantified yet in the Mediterranean coast of Spain, but banning periods for bivalve harvesting 
are increasingly frequent in Catalonia, while in Andalusia (south of Spain) microalgal toxins 
already constitute the main constrain for aquaculture [7]. Shellfish safety testing is thus a critical 
cost for a sector that is considered as “low-cost food industry”  (the price per ton at production 
level is usually below €1,000, except for oysters and scallops [24]), an requires a proper planning 
of the control systems. The internationalization of shellfish trade has brought new challenges to 
the monitoring of marine toxins: nowadays, shellfish is imported all year long in several formats 
(raw, canned, cooked, frozen, and pickled), and the seasonal risks and microalgae species 
affecting the products can be very different between the importing and the exporting countries, 
thus control systems must be prepared for the unexpected. Therefore, the ultimate control 
system must ensure reliability and high throughput (to be economically sustainable), and must 
be comprehensive to cover all possible scenarios.  
 
For some toxins, such as lipophilic toxins, methods based on LC-MS are the most suitable 
alternatives to replace animal bioassays and meet the requirements of the shellfish industry, as 
recommended by expert organizations [56, 57]. These techniques do not pose ethical conflicts 
and show unequivocal specificity, since they are able to detect, identify and quantify the 
individual compounds that contribute to toxicity in shellfish samples, avoiding false positives 
and wrong diagnosis [24]. In addition, they are comprehensive methods able to potentially 
detect all toxin compounds in a sample, also emerging or unexpected toxins. Moreover, their 
sensitivity is compatible even with the lower permitted levels in shellfish proposed by EFSA [56] 
that may be set in the future. Furthermore, these methods can be automated, easily scaled-up if 
necessary, require small sample quantities and are compatible with simple extraction methods, 
thus ensuring fast response and high throughput of samples. Nevertheless, the implementation 
of LC-MS methods requires an important economic investment in instrumentation, 
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maintenance and qualified personnel. It also needs a stage of method development to adapt the 
method conditions to every specific instrument, and eventually, a comprehensive in house 
laboratory validation aimed at providing precise and accurate results (especially regarding 
matrix effects). The main limitation of these methods is the restricted availability of certified 
reference standards for marine toxins, in some cases due to economic reasons [58]. 
Consequently, toxin equivalencies factors for all marine toxin analogs have not been calculated, 
which complicate the extrapolation from toxin concentrations to actual toxicity in a sample 
[59].  
 
In the last ten years (2005-2015), advances in LC-MS technologies and validation studies have 
promoted the research for better LC-MS methods for the determination of marine toxins. 
Although saxitoxins and domoic acid (and derived compounds) are usually monitored by HPLC 
with UV and FLD detectors, several scientific contributions have explored the possibilities of 
analyzing these toxins by LC-MS. For instance, in the case of DA and analogs, the application of 
LC-MS methods (usually combined with Solid Phase Extraction (SPE) clean-up), permitted the 
detection of trace concentrations of DA in mussels from the Adriatic Sea (Italy) for the first time 
[60], and facilitated the study of DA and its analogs dissolved in sea water [61, 62]. Saxitoxins 
are a complex group of polar compounds without chromophore groups, thus Hydrophilic 
Interaction Liquid Chromatography (HILIC) coupled to MS methods (also usually combined to 
SPE clean-up) have been proposed as an alternative to HPLC with FLD detection, which 
requires derivatization [63-65]. The detection of emerging toxins in shellfish and fish, such as 
tetrodotoxins in elongated puffer fish [66] and palytoxins in mussels [67], can also be effectively 
accomplished by LC-MS with low limits of detection and great selectivity. Nevertheless, the 
influence of recent changes in European legislation [25] focused most attention on lipophilic 
toxins, and many scientific studies have aimed at investigating the analytical parameters 
influencing the detection of lipophilic toxins in shellfish by LC-MS. Chromatographic 
separation of lipophilic toxins is possible under several conditions (i.e. buffers and pH of the 
mobile phases), being the most used ones the acidic conditions proposed by Quilliam et al. in 
2001 [68] and further developed by McNabb et al. in 2005 [69]; and the alkaline conditions 
proposed by Gerssen et al. in 2009 [70]. Both methodologies have been validated in inter-
laboratory collaborative exercises [29, 71]. The influence of chromatographic conditions on 
method performance for the analysis of lipophilic toxins in shellfish is addressed in this thesis 
(Chapter 3). Prospect development of LC-MS methods for the detection of marine toxins in 
shellfish will explore the capabilities of instruments with information dependent acquisition 
features, such as linear ion traps, which enables the confirmation of toxins by matching the full 
product ion spectra of a sample with constructed spectral libraries [72]. High resolution mass 
spectrometry (HRMS) is also a great tool for the study of marine toxins: it enables the screening 
of an unlimited list of precursor ions in full scan mode, provides great selectivity thanks to its 
high resolving power and precision in mass accuracy measurements, gives valuable information 
to support unequivocal confirmation of compounds such as isotopic patterns, and permits 
retrospectives analysis and data mining for potentially unknown compounds by metabolomics 
software [73, 74]. In 2014, two studies validated multitoxin methods based on LC-HRMS to 
determine lipophilic toxins in shellfish, reporting good performance and low limits of detection 
[75, 76], thus these methods may become more popular, even for monitoring purposes, when 
HRMS spectrometers become more affordable. 
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1.2.2 The unpredictability of toxic Harmful Algae Blooms 
As explained by Hess [24], the detection of marine algae toxins in shellfish products before they 
reach the market is essential due to the difficulty to predict its related phenomena. Multiple 
factors affect microalgae blooms and toxin production, including physical parameters 
(temperature, light, wind, hydrogeography, etc.), chemical parameters (nutrient types and 
concentrations, eutrophication, oxygen concentration, pH, anthropogenic pollution, etc.) and 
biological parameters (algae community and structure, presence of grazing organisms, parasitic 
bacteria, etc.) [13, 77].  
 
Moreover, the correspondence between one microalgae species and one type of toxin is unusual. 
In fact, the ability to produce the same toxic compound can be spread across taxa without close 
phylogenetic relationship. For instance, saxitoxins are produced by cyanobacteria and some 
species of dinoflagellates [32]. On the other hand, the types of marine toxins produced by one 
microalgae species can be different among strains. For example, the toxins profiles of the 
dinoflagellate Alexandrium ostenfeldii may include STXs, spirolides (SPXs), or both types of 
compounds (which are chemically very different,  
Table 1-1), depending of their geographical origin [78].  
 
Toxin production and release by dinoflagellates are also complex processes, and usually they 
depend on the physiological state of the cells [79-81]. Once the toxins are present, the chance 
that a toxic algal bloom ends up in shellfish toxicity is also difficult to predict, since several 
factors related to the bivalves also play a role in this phenomenon. For example, each shellfish 
species may behave differently regarding the accumulation of marine toxins [82, 83], because 
filtration rates, ability to select which microalga species to feed on, metabolism of toxic 
compounds and detoxification rates are species-specific. Other factors that can have an impact 
in toxin accumulation are conditions of shellfish cultures, feeding state, parasites, or the 
presence of xenobiotics in the environment [84].  
 
Despite of this intrinsic unpredictability, the development of models of HABs and shellfish 
toxicity may be one of the most promising mitigation tools, since models can give valuable 
insights on these processes and have the potential to provide short-term forecast [85]. Models 
that couple physical–biological parameters and hydrodynamics can unravel patterns of 
phytoplankton distribution, such as the 3D model proposed by Artigas et al. [86] for Alfacs Bay 
in 2014. This study demonstrated the preferential areas of phytoplankton retention in the bay 
(NE, inner bay), which will have an impact in the design of sampling points for monitoring and 
the understanding of the variability of toxicity in shellfish within the bay. Other models have 
addressed the accumulation of marine toxins in shellfish, in order to predict the time course of 
the accumulation and detoxification processes, and study other processes such as toxin 
biotransformations [84], although the complexity of the algae-bivalve system has been in some 
cases underestimated. The integration of models of phytoplankton dynamics and toxin 
accumulation kinetics would be of great advantage to allocate monitoring efforts, but it has to be 
noted that its predicting capacity is limited by the ability to forecast weather conditions (one 
week in the best case) [87]. Therefore, models can be a valuable complement to confirmatory 
techniques like LC-MS, reducing the amount of samples that have to be confirmed or 
quantified, and contextualizing analytical results.  
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1.2.3 The relevance of analytical techniques in the identification and 
confirmation of marine toxins 
De la Iglesia et al. [88] raised an important concern in the study of harmful algae: the 
classification of a species as “toxic” or “toxin producer” has to be strongly evidenced by 
phycologists and analytical chemists, since these labels may can have a significant effect on 
decision-making processes in monitoring programs. Relevant information about the microalgae 
strain, its culture, and its harvesting must be provided to contextualize analytical results. 
Moreover, methods of toxin separation and detection have to be properly described, paying 
special attention to limits of detection and confirmatory criteria [88]. Analytical methods based 
on LC-MS, if properly validated, provide enough confidence about the identity of compounds of 
interest: regarding European guidelines for analytical method performance [89], MS would be 
the best choice to ensure accurate confirmation, especially when High Resolution MS is applied. 
Nevertheless, even with the application of LC-MS techniques, the scientific literature of 
microalgal toxins is fraught with controversies and misidentifications that demonstrate the 
complexity of developing suitable analytical methods for this type of compounds. Some 
examples of the potential negative consequences of misidentifications of microalgal toxins are:  
 
 The negative impact on medical treatments when the cause of an acute intoxication is 
wrongly attributed to a microalgal toxin. For instance, Furey et al. [90] studied how the 
misidentification of anatoxin-a, a potent cyanobacterial neurotoxin, has obstructed 
forensic investigations due to its fast decay and the interferences caused by the isobaric 
and coeluting (in reverse phase LC) amino acid phenylalanine. For anatoxin-a, LC 
coupled to single MS does not provide reliable confirmation in complex biological 
samples, thus several strategies, based on derivatization, tandem mass spectrometry, or 
HRMS, can be applied to unambiguously confirm its presence [90].  
 The bias in risk assessments with wrong exposure data. For example, Fassen [91] 
SFWJFXFEUIFMJUFSBUVSFPO#.""	Ϡ-N-methylamino-L-alanine), a cyanobacterial toxin 
that is suspected to play a role in chronic neurological diseases (such as amyotrophic 
lateral sclerosis (ALS), Alzheimer’s disease, and Parkinson’s disease). This toxin seems 
to be almost omnipresent in aquatic ecosystems (as reviewed by Fassen [91]), being even 
pronounced as a cause for the high incidence of ALS among Gulf War veterans [92]. 
However, scientific literature shows huge variations in BMAA concentrations among 
cyanobacterial species, and among other aquatic organisms. It has been demonstrated 
that low-selective analytical methods, such HPLC-FLD with derivatization will result in 
overestimated BMAA concentrations [93], but incomplete or inaccurate reported 
methods and results are also common in studies of BMAA with LC-MS techniques, 
which hinder real estimations of human exposure to BMAA. 
 The establishment of unreliable facts by cross-citation. Confirmation of microalgal 
toxins must be done with either two or more orthogonal separation-detection 
techniques, or with highly selective methods such as HRMS [88]. Still, high precision in 
mass accuracy measurements by itself does not exempt HRMS from errors in 
identification and confirmation. For example, Rossi et al. [94] reported in an Italian 
strain of Ostreopsis cf. ovata the presence of mascarenotoxin-a (a palytoxin-like 
compound produced by the tropical dinoflagellate O. mascareniensis). The confirmation 
was based on the elemental composition computed by the software of a LC/TOF/MS on 
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
10    Chapter 1 
 
the precursor ion ([M+H]+), assuming 57 ppm of mass error. This strategy has been 
proven to be completely invalid to identify compounds by HRMS: even 1 ppm of mass 
accuracy is not enough to derive a single solution. Additional orthogonal filters such as 
isotopic patterns and fragmentation experiments are critical to provide reliable 
identification by HRMS [95].  
 
Therefore, scientific contributions reporting emerging toxins in new locations, new toxin 
producer microalgae species, or new toxic compounds, must be extremely cautious and must 
provide all information regarding strain culture conditions and separation-detection methods 
[88], but even when HRMS methods are applied, a proper strategy should be designed and 
communicated  to avoid potential false positives or negatives. This strategy may take advantage 
of the different data provided by HRMS spectrometers: isotopic patterns, MS and MS2 scans, 
accurate mass measurements, signal thresholds, data dependent experiments, etc.  
 
This thesis aims to contribute to providing the best analytical solutions based on LC-MS to the 
study of toxic HABs. Methods based on LC-MS are an excellent tool to monitor and investigate 
marine toxins, providing reliable and comprehensive information to manage aquaculture 
industries and ensure food safety. Complementary methods, such as early warning systems and 
prediction models can optimize the speed of the response and relevance of the results for 
shellfish producers and policy makers. On the other hand, rigorous and accurate methods 
enhance the knowledge on bioactive compounds from marine microalgae and complement 
phycologist studies on this fascinating group of marine organisms.  
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2 Objectives of the thesis 
According to the exposed background and current challenges in the research and monitoring of 
marine microalgal toxins, this thesis has the following objectives:  
 
General objective: To expand the knowledge in the application of LC-MS methodologies for the 
monitoring and research of lipophilic and emerging marine toxins in Mediterranean estuarine 
system, taking the Ebro Delta (Catalonia, Spain) as the model site. 
 
Specific objectives:  
- To assess the selection of the most appropriate set conditions (among the suggested by 
the European Union Reference Laboratory for Marine Biotoxins) to implement LC-
MS/MS methods for the control of lipophilic toxins in shellfish. 
- To study the dynamics of diarrhetic shellfish poisoning toxins associated with natural 
populations of Dinophysis spp. in Mediterranean coastal embayments, and evaluate the 
strategies to monitor them and mitigate their negative impacts. 
- To unequivocally confirm the presence of known emerging toxins (such as cyclic 
imines) in several compartments of marine ecosystems. 
- To characterize the toxin profile of novel strains isolated in our study area of 
dinoflagellates that pose a risk to human health, such as Ostreopsis spp, and identify 
potential new emerging toxins. 
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3 The implementation of Liquid Chromatography tandem Mass 
Spectrometry for the official control of lipophilic toxins in seafood: 
single-laboratory validation under four chromatographic 
conditions 
Validation of LC-MS/MS chromatographic conditions for lipophilic toxins 
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Abstract 
We performed a comprehensive study to assess the applicability and suitability of four 
chromatographic conditions for the determination of six groups of marine lipophilic toxins 
(okadaic acid and dinophysistoxins, pectenotoxins, azaspiracids, yessotoxins, gymnodimine and 
spirolides) by LC-MS/MS to select the most appropriate conditions as stated by the European 
Union Reference Laboratory for Marine Biotoxins (EURLMB). For every case, the elution 
gradient has been optimized to achieve a total run-time cycle of 12 min. A single-laboratory 
validation has been performed for the analysis of three relevant matrices for the seafood 
aquaculture industry (mussels, pacific oysters and clams), and for sea urchins for which no data 
about lipophilic toxins have been reported before. Moreover, we have compared the 
performance of the method under alkaline conditions using two quantification strategies: the 
external standard calibration (EXS) and the matrix-matched standard calibration (MMS).  
Alkaline conditions were the only scenario that allowed detection windows with polarity 
switching in a 3200 QTrap mass spectrometer, thus the analysis of all toxins can be 
accomplished in a single run, increasing sample throughput. The limits of quantification under 
alkaline conditions met the validation requirements established by the EURLMB for all toxins 
and matrices, while the rest of conditions failed in some cases. The accuracy of the method and 
the matrix effects where generally dependent on the mobile phases and the seafood species. The 
MMS had a moderate positive impact on method accuracy for crude extracts, but it showed 
poor trueness for other seafood species than mussels when analyzing hydrolyzed extracts. 
Alkaline conditions with EXS and recovery correction for OA were selected as the most 
adequate conditions in the context of our laboratory. This comparative study can help other 
laboratories to choose the best conditions for the implementation of LC-MS/MS according to 
their own necessities.  
 
Keywords 
Lipophilic marine toxins; Liquid Chromatography-Mass Spectrometry; seafood; method 
validation; matrix effects  
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3.1 Introduction  
Lipophilic marine toxins accumulate in seafood, causing remarkable economic losses in the 
aquaculture sector [1] and posing a risk to human health. To protect consumers, the European 
Union demands the monitoring of some lipophilic marine toxins [2] and limits their maximum 
permitted levels (MPLs) in edible shellfish tissues [3]: 160 µg/kg in okadaic acid (OA) 
equivalents for OA, dinophysistoxins (DTXs) and pectenotoxins (PTXs) together; 1 mg/kg for 
yessotoxins (YTXs) and 160 µg/kg for azaspiracids (AZAs). Other lipophilic marine toxins are 
not yet regulated in the European Union, like cyclic imines mainly comprising spirolides (SPXs) 
and gymnodimines (GYMs).  
 
The reference method to control lipophilic toxins in the European Union was the bioassay with 
mice or rats until January of 2011 [2]. The European Food Safety Authority (EFSA) indicated in 
2009 the disadvantages of these bioassays [4]: ethical concerns, limited specificity, high 
variability in results and insufficient detection capability for some toxins. According to the 
European Commission and the EFSA, the analytical methods based on liquid chromatography 
tandem mass spectrometry (LC-MS/MS) were a good alternative to replace the bioassays once 
the methods were validated and proved to be effective to protect consumers.  
 
The LC-MS/MS multi-toxin methods to analyze lipophilic toxins in seafood can work under 
different chromatographic conditions. Separation of lipophilic toxins under acidic 
chromatographic conditions was first proposed by Quilliam et al. in 2001[5], studied in depth by 
McNabb et al. in 2005 [6] and widely used since then [7-10]. The European Union Reference 
Laboratory for Marine Biotoxins (EURLMB) also applies acidic conditions and validated its 
method in-house in 2011 [11]. Gerssen et al. proposed in 2009 [12] the alkaline conditions to 
determine multiple lipophilic toxins in seafood and in-house validated them in 2010 [13]; these 
conditions gained popularity in the last years [14-16]. Less extreme pH conditions were 
proposed by Stobo et al. [17] using ammonium acetate as buffer (pH 6.8) and by These et al. 
[18] using ammonium bicarbonate (pH 7.9).  
 
Two institutions organized interlaboratory collaborative exercises to validate their LC-MS/MS 
methods in 2010: the EURLMB and the Dutch Institute of Food Safety (RIKILT). The EURLMB 
validated its Standardized Operating Procedure (SOP) [11] for OA, PTXs and AZAs (the 
participants could voluntarily include YTXs). The SOP stipulated the extraction protocol and 
the alkaline hydrolysis step, recommended a list of MS/MS transitions to monitor and suggested 
several chromatographic conditions to quantify lipophilic toxins by external standard 
calibration (EXS). The RIKILT validated its method for all regulated lipophilic toxins under 
alkaline chromatographic conditions, using matrix-matched standard calibration (MMS) as a 
quantification strategy [19]. The success of both inter-laboratory studies demonstrated the 
effectiveness of the methods based on LC-MS/MS to replace the animal bioassays and promoted 
the approval of the Regulation (EC) No. 15/2011 [2], which settled the method validated under 
the coordination of the EURLMB as the reference technique for the detection of lipophilic 
marine toxins in bivalve molluscs in Europe. This regulation applies from July 1st, 2011 and 
allows the use of mice and rats bioassays for lipophilic toxin determination until December 31st, 
2014.  
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The EURLMB SOP referenced in the Regulation (EC) No. 15/2011 [2] fixes neither the LC-
MS/MS conditions nor the recovery correction approach [11], and this may trouble laboratories 
implementing the methods for control purposes. The EURLMB SOP provides several elution 
gradients and three possible chromatographic conditions as examples, allowing the analysts to 
choose the most convenient one: acidic conditions buffered with ammonium formate/formic 
acid; and basic conditions with ammonia or ammonia and ammonium bicarbonate as buffer. 
However, the selection of the chromatographic conditions requires a wide-scope study of the 
alternatives, since the pH and the buffer system of the mobile phases affect many parameters of 
the method: the selectivity of chromatographic separations, the ionization yields at the 
electrospray ionization source, the sensitivity of the MS response, the elution order and the 
matrix effects. Matrix effects can be corrected or compensated by, among other strategies, 
standard addition to the sample, solid-phase extraction (SPE) clean-up, sample dilution and 
matrix-matched standard calibration (MMS), the strategy used by RIKILT [17, 20-24]. 
 
According to the literature and the conclusions from interlaboratory trials, several 
chromatographic conditions seem feasible for the analysis of marine toxins. However, neither 
study compared different elution conditions nor assessed their impact on the methods 
performance.  This paper is a comprehensive comparative study on the suitability of different 
experimental approaches suggested in the EURLMB SOP. We optimized and in-house validated 
four chromatographic conditions [6, 13, 17, 18] under the same experimental settings: same 
instrumentation, chromatographic column, sample preparation protocol, reagents, standards 
and analyst. We studied the separation and quantification of six groups of lipophilic toxins (all 
regulated in the EU plus GYMs and SPXs) at three concentration levels (0.5, 1 and 1.5 times the 
MPLs) with four relevant matrices for the seafood industry (mussels, pacific oysters, clams and 
sea urchin). We also assessed two quantification strategies (EXS and MMS) under alkaline 
conditions and studied matrix effects in detail. The aim of the work was to guide other labs in 
the decision-making process to select the most appropriate conditions for their LC-MS/MS 
method to analyze lipophilic toxins in seafood.  
3.2 Materials and Methods 
3.2.1 Standards and chemicals. 
Certified reference standard solutions were purchased from the Institute for Marine Bioscience 
of the National Research Council (NRC) from Halifax (Canada): okadaic acid (OA, 14.3 ± 1.5 
µg/mL), yessotoxin (YTX, 5.3 ± 0.3 µg/mL), pectenotoxin-2 (PTX2, 8.6 ± 0.3 µg/mL), 
azaspiracid-1 (AZA1, 1.24 ± 0.07 µg/mL), 13-desmethyl spirolide-C (SPX1, 7.0 ± 0.4 µg/mL, and 
gymnodimine-A (GYMA, 5.0 ± 0.2 µg/mL). Certified reference standard solutions for 
dinophysistoxin-1 (DTX1) and dinophysistoxin-2 (DTX2) were not available, thus a sample of 
mussel (Mytilus galloprovincialis) naturally contaminated with OA, DTX1 and DTX2 from the 
inter-laboratory proficiency test for lipophilic toxins organized by the EURLMB in 2010 was 
used to calculate the retention time (tR) of DTX1 and the chromatographic resolution between 
OA and DTX2. The samples from the proficiency test for lipophilic toxins organized by the 
EURLMB in 2011 were used to calculate the relative tR of AZA2 and AZA3 compared to AZA1; 
and homo-yessotoxin (homoYTX), 45-hydroxy-yessotoxin (45-OHYTX) and 45-hydroxy-
homo-yessotoxin (45-OHhomoYTX) compared to YTX. Unfortunately, none of the samples 
had PTX1 to be included in the study.  
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Acetonitrile (ACN) hypergrade for LC-MS, methanol (MeOH) gradient grade for HPLC and 
formic acid puriss, 98.0% were purchased from Merck (Darmstadt, Germany). Ammonium 
bicarbonate and ammonium acetate (both elution additive for LC-MS), ammonium hydroxide 
(28% in water; ȴUSBDFNFUBMTCBTJT
BNNPOJVNGPSNBUFGPS)1-$ȴBOETPEJVN
hydroxide puriss. p.a were purchased from Sigma-Aldrich (Steinheim, Germany). Hydrochloric 
acid 37% was purchased from Panreac Quimica (Barcelona, Spain). Ultrapure water was 
obtained through a Milli-Q purification system (resistivity >18 MW·cm) from Millipore 
(Bedford, MA).  
3.2.2 Preparation of extracts 
Blue mussels (Mytilus galloprovincialis), pacific oysters (Crassostrea gigas), clams (Ruditapes 
philippinarum) and sea urchins (Paracentrotus lividus) were collected from the seafood 
harvesting areas of Catalonia, Spain (NW Mediterranean Sea) in 2010 and 2011. A triple-step 
extraction with MeOH was performed on whole tissues according to the procedure proposed by 
Gerssen et al. [13], but samples were homogenized with a hand blender instead of with an Ultra 
Turrax homogenizer. We chose this extraction procedure to ensure the recovery of the more 
lipophilic OA and DTX esters [13]. The protocol used 1 g of tissue (keeping the tissue:extractant 
volume ratio at 1:10, v/v) saving expensive certificate standards required for spikings. We used 
an analytical balance Sartorius 1702 (Goettingen, Germany), a vortex-mixer MS2 Minishaker 
(IKA Labortechnik, Staufen, Germany), and a centrifuge Jouan MR 23i (Thermo Fisher 
Scientific Inc., Waltham, MA, USA). Crude extracts were filtered through 
QPMZUFUSBGMVPSPFUIZMFOF	15'&
ϪNNFNCSBOFTZSJOHFGJMUFST 
3.2.3 Alkaline hydrolysis 
The alkaline hydrolysis of the samples was performed according to the EURLMB SOP [11] 
based on the protocol initially developed by Mountfort et al. [25].  
3.2.4 Chromatographic separation 
Toxins were separated on a Waters X-BridgeTM $	HVBSEDPMVNOYNNϪNQBSUJDMF
TJ[FDPMVNOYNNϪNQBSUJDMFTJ[F8BUFST.JMGPSE."64"
JOBO"HJMFOU
LC system (Agilent Technologies, Santa Clara, CA) consisting of a binary pump (G1312B), four 
channel degasser (G1379B), thermostated low carry-over autosampler (G1367C + G1330B), and 
column oven (G1316B). Four elution systems were tested:  
 
• Mobile phases in acidic conditions (pH 2) according to McNabb et al. [6] and the EURLMB 
SOP [11]: Mobile phase A consisted of 2 mM of ammonium formate and 50 mM of formic acid 
in ultrapure Milli-Q water. Mobile phase B consisted of 2 mM of ammonium formate and 50 
mM of formic acid in 95/5 v/v ACN/Milli-Q water. 
 
• Mobile phases in close to neutrality conditions (pH 6.8) according to Stobo et al.[17]. Mobile 
phase A consisted of 5 mM of ammonium acetate in ultrapure Milli-Q water. Mobile phase B 
consisted of 5 mM of ammonium acetate in 95/5 v/v ACN/Milli-Q water. 
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• Mobile phases in slightly alkaline conditions (pH 7.9) according to These et al.[18]: Mobile 
phase A consisted of 5 mM of ammonium bicarbonate in ultrapure Milli-Q water. Mobile phase 
B consisted of 5 mM of ammonium bicarbonate in 95/5 v/v ACN/Milli-Q water. Mobile phase B 
was kept in the ultrasonic bath for 10 min to dissolve the buffer.  
 
• Mobile phases in alkaline conditions (pH 11) according to Gerssen et al.[12, 13]: Mobile phase 
A consisted of 6.7 mM of ammonia in ultrapure Milli-Q water. Mobile phase B consisted of 6.7 
mM of ammonia in 90/10 v/v ACN/Milli-Q water. 
 
5IFNPCJMFQIBTFTXFSFGJMUSBUFEUISPVHIϪNOZMPO-membrane filters and the pH of aqueous 
mobile phases was measured with a CyberScan pH1100 (EUTECH Instruments, Thermo Fisher 
Scientific Inc., Waltham, MA, USA).  
 
The column oven temperature was set at 30 °C and the flow rate was 0.5 mL/min. Gradient 
programs are shown in Table 3-1.We optimized a total run time of 12 min for all gradients, 
including column conditioning (Table 3-1) and included a step of 100% mobile phase B for 1 
min to flush late eluting compounds [23], thus extending the lifespan of the column. The 
diverter valve was programmed to deliver the eluent from column to waste for the first 1.5 min 
in all gradients.  
Table 3-1. Optimized elution gradients for four chromatographic conditions for the analysis of 
six groups of lipophilic toxins. 
pH 2 pH 6.8 and pH 7.9  pH 11 
Time (min) % Mobile phase B Time (min) % Mobile phase B Time (min) % Mobile phase B 
0 20 0 20 0 20 
6 80 3 40 8 100 
7.5 80 5 80 9 100 
8 100 7.5 80 9.5 20 
9 100 8 100 12 20 
9.5 20 9 100     
12 20 9.5 20     
    12 20     
 
 
*OKFDUJPOWPMVNFXBTPQUJNJ[FEBUϪ-VOEFSBMLBMJOFDPOEJUJPOTBOEϪ-GPSUIFPUIFS
conditions after testing the loading capacity of the column. The sample compartment was set at 
4 ºC. The outer surface of needle was flushed with MeOH in the autosampler before every 
injection.  
 
The column used for the whole study was ethylene-bridged hybrid (BEH). This column is 
designed to work at variable pH from 2 to 11. Before switching mobile phases, the system was 
purged and the column was washed with mixtures of ACN/Milli-Q water (95% to 0% water) at 
0.2 mL/min for 2 h and conditioned with 20% mobile phase B at 0.5 mL/min for 20 min before 
running gradient five times. Column equilibration was done at the beginning of each batch with 
the mobile phases used for analysis running the same gradient of analysis five times. At the end 
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of each batch, the column was washed with mixtures of ACN/Milli-Q water for 25 min to 
remove lipophilic interferences and buffers. 
3.2.5 Mass spectrometry 
We used a triple quadrupole 3200 QTRAP® mass spectrometer (MS) equipped with a TurboV 
electrospray ion source (Applied Biosystems, Foster City, CA). The MS was operated in the 
multiple reaction monitoring (MRM) mode, selecting two product ions per toxin to allow 
quantification (the most intense transition) and confirmation (two confirmation ions for 
GYMA). Table 3-2 shows a summary of the MS/MS settings for lipophilic toxins analysis. The 
MS/MS conditions were based on the recommended values in the EURLMB SOP [11] for a 3200 
QTRAP® MS. The selection of the precursor ions was based on the literature [6, 13, 17, 18]. We 
chose the double charge precursor ion ([M-2H]2-) to monitor YTXs under pH 11 [12] but we 
decided to maintain the ammonium adduct ([M+NH4]+) instead of the sodium adduct 
([M+Na]+) to monitor PTXs under pH 6.8 since the reference paper [17] only applied single-
quadrupole MS analysis, thus it does not provide information about fragmentation or MS/MS 
parameters from the precursor [M+Na]+ for PTXs.  
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Table 3-2. Transitions monitored, dwell times, declustering potentials (DP), entrance potentials 
(EP), collision cell entrance potentials (CEP) and collisions energies (CE) for the detection of six 
groups of lipophilic toxins. 
Toxin Transitions (m/z) Time (ms) DP (V) EP (V) CEP (V) CE (V) 
Precursor 
ion 
OA and DTX2 
803.5 > 255.2 150 -115 -12 -46 -64 
[M-H]- 
803.5 > 113.1 150 -115 -10.5 -41 -68 
DTX1 
817.5 > 255.2 150 -115 -12 -46 -64 
[M-H]- 
817.5 > 113.1 150 -115 -10.5 -41 -68 
YTX 
1141.5 > 855.2 150 -60 -9 -54 -90 
[M-2Na+H]- 
1141.5 > 713.2 150 -60 -9 -54 -106 
YTX under pH 11 
570.4 > 467.4 150 -75 -9 -54 -30 
[M-2H]2¦ 
570.4 > 396.4 150 -75 -9 -54 -30 
45-OHYTX 
1157.5 > 855.2 150 -60 -9 -54 -90 
[M-2Na+H]- 
1157.5 > 713.2 150 -60 -9 -54 -106 
45-OHYTX under  pH 
11 
578.4 > 467.4 150 -75 -9 -54 -30 
[M-2H]2¦ 
578.4 > 396.4 150 -75 -9 -54 -30 
homoYTX 
1155.5 > 869.2 150 -60 -9 -54 -90 
[M-2Na+H]- 
1155.5 > 727.2 150 -60 -9 -54 -106 
homoYTX under    pH 
11 
577.4 > 474.4 150 -75 -9 -54 -30 
[M-2H]2¦ 
577.4 > 403.4 150 -75 -9 -54 -30 
45-OHhomoYTX 
1171.5 > 869.2 150 -60 -9 -54 -90 
[M-2Na+H]- 
1171.5 > 727.2 150 -60 -9 -54 -106 
45-OHhomoYTX           
under pH 11 
585.4 > 474.4 150 -75 -9 -54 -30 
[M-2H]2¦ 
585.4 > 403.4 150 -75 -9 -54 -30 
SPX1 
692.5 > 444.2 150 86 7 30 45 
[M+H]+ 
692.5 > 426.3 150 86 7 30 45 
GYMA 
508.4 > 202.4 150 60 8.5 25 55 
[M+H]+ 508.4 > 392.4 150 60 8.5 25 55 
508.4 > 490.4 150 60 8.5 25 55 
PTX2 and 7-epi-PTX2 
876.5 > 213.3 150 50 10 35 50 
[M+NH4]+ 876.5 > 823.5 150 50 10 35 50 
PTX-2sa and 7-epi-
PTX2sa 
894.5 > 213.3 150 50 10 35 50 
[M+NH4]+ 894.5 > 823.5 150 50 10 35 50 
AZA-1 
842.5 > 362.3 150 75 12 40 70 
[M+H]+ 
842.5 > 462.5 150 75 12 40 70 
AZA-2 
856.5 > 362.3 150 75 12 40 70 
[M+H]+ 
856.5 > 462.5 150 75 12 40 70 
AZA-3 
828.5 > 362.3 150 75 12 40 70 
[M+H]+ 
828.5 > 448.5 150 75 12 40 70 
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Mass spectrometric detection was performed in both negative (-ESI) and positive polarity 
(+ESI). Under pH 2, pH 6.8 and pH 7.9, two different injections were needed per sample: the 
toxins OA, DTX1, DTX2 and YTXs were detected in the -ESI, while the +ESI was used to detect 
SPX1, GYMA, AZAs and PTXs. The alkaline mobile phase allows polarity switching from 
negative to positive mode to analyze all toxins in two detection windows during the same run: 
the first retention time window was programmed during the first 4.5 min in negative ESI mode 
to detect OA, DTX1, DTX2, and YTXs; the second retention time window lasted 7.5 min in 
positive ESI mode to analyze SPX1, GYMA, AZAs, PTXs. Resolution of the quadrupoles was set 
at unit. 
3.2.6 Quality requirements posed by the EURLMB 
We checked in every batch the quality control criteria stated by the EURLMB SOP [11] 
regarding resolution, limits of quantification (LOQs) and linearity. 
 
Resolution (Rs) between the isomers OA and DTX2 was calculated according to Equation 3.1: 
Rs = 2 (tR(DTX-2) - tR(OA))/(W(OA) + W(DTX2)) Equation 3.1 
Where tR means retention time and W means peak width (both in minutes). The resolution for 
each chromatographic condition was assessed as the average resolution of six replicates in a 
reference sample naturally contaminated with OA and DTX2. The EURLMB requests resolution 
between OA and DTX2 to be greater than one [11]. 
 
LOQs were evaluated with three replicate blank samples of each matrix spiked at the theoretical 
LOQs (calculated with blank homogenized tissues spiked with OA, PTX2, SPX1, GYMA and 
";"BUHLHBOEXJUI:59BUϪHLH
BOBMZ[FECZUSJQMFJOKFDUJPOBTUIFDPODFOUSBUJPO
that met a S/N of ten for the most abundant fragment and a S/N greater than three for the 
transition used for confirmation. Noise was calculated with a blank sample of each matrix at the 
expected retention times of the toxins. Methods validated under the specification of the 
EURLMB SOP [11] TIBMSFBDI-02TBTMPXBTϪHLHGPS";"BOE0"ϪHLHGPS159
BOEϪHLHGPS:59 
 
Linearity was estimated from the calibration curves analyzed before and after the analysis of a 
set of samples (six to eight samples). The correlation coefficients of the quantification curves 
had to be greater than 0.98 to ensure linearity and the deviation of the slopes between 
consecutive calibration curves has to be lower than 25% to be considered as acceptable, as 
requested in the EURLMB SOP [11]. 
 
Sensitivity of the method was evaluated as the slope of the external standard calibration curves 
for each toxin. 
3.2.7 Validation parameters 
The in-house validation study relied on the concepts described in Taverniers et al. [26], the 
guidelines proposed by the Regulation (EC) 657/2002 on performance criteria for analytical 
methods [27], and the methodology applied in de la Iglesia et al. [28]. 
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
Validation of LC-MS/MS chromatographic conditions for lipophilic toxins    29 
 
The accuracy of the methods was assessed by the intermediate precision and the trueness. The 
spikings were done on blank homogenized tissue instead of on extracts in MeOH to make the 
validation process as comprehensive as possible. 
 
The intermediate precision was expressed as the relative standard deviation (RSD in %). It was 
calculated for each matrix (mussels, pacific oysters, clams and sea urchins) at three different 
DPODFOUSBUJPOMFWFMTPG0"159419(:."BOE";"	ϪHLHϪHLHBOEϪHLH

and two concentration levels of YTX (2ϪHLHBOEϪHLH
TQJLFEJOCMBOLIPNPHFOJ[FE
tissues and quantified using external standard calibration curves. Four replicates spread over 
four consecutive days were analyzed by single injection using daily fresh mobile phase. The RSD 
was transformed to HorRat value as the ratio between the experimental RSD and the predicted 
RSD according to the Horwitz equation [29] (Equation 3.2), which is dependent on the 
concentration (C) spiked for the intermediate precision assessment. 
HorRat = RSD(%) experimental / 2(1-0.5logC)  Equation 3.2 
The Regulation (EC) 657/2002 [27] suggests that for in-house laboratory validation, the 
experimental RSD should not exceed the expected RSD (HorRat < 1). Intermediate precision 
was only calculated when at least three out of the four replicates met the quality requirements 
regarding linearity. 
 
Trueness in terms of recovery was calculated for each sample matrix at the three concentration 
levels (two concentration levels for YTX) using the four replicates analyzed by single injection in 
consecutive days and quantified using external standard calibration curves. Recovery in 
percentage was calculated by comparing the quantifications through external calibration with 
the theoretical spiked concentration. The Regulation (EC) 657/2002 [27] recommends 
correcting the quantification with the mean recovery only if trueness falls between 80% and 
110%.  
 
We used the same batch sequences for all chromatographic conditions. The matrices were 
injected always in the same order, grouped by its concentration level (from low to high 
concentration). Blanks of MeOH were analyzed before and after calibration curves and sets of 
samples to assess potential carry-over problems. 
 
Chromatographic selectivity was based on tR of the analytes that have commercial standard 
solutions (at least one representative for each group of lipophilic toxins). For analogues without 
standards available, we used the relative retention time (RRT) compared to the representative 
toxin.  
 
The drift in tR in the samples compared to those in the standard solutions was acceptable below 
3%, as stated in the EURLMB SOP [11]. Mass spectrometric selectivity was assessed with the 
transitions monitored in the MS/MS system, proposed by the EURLMB SOP [11] and by 
Gerssen et al. [12] for the determination of YTX under alkaline conditions. The maximum 
permitted tolerances for relative ion intensities were taken from Regulation (EC) 657/2002 [27] 
and were checked in all matrices analyzed, spiked at the MPL (0.5 times the MPL for YTX) 
during three consecutive days. The presence of potential interferences was assessed by analyzing 
blank samples for all matrices. 
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3.2.8 Calibration strategies and matrix effects assessment 
The external standard calibration curves were prepared in MeOH (LC-MS grade) from an initial 
multi-toxin stock solution of 400 ng/mL of OA, PTX2, SPX1, GYMA and AZA1, and 625 ng/mL 
of YTX. The calibration curves had six levels in the range of 5 to 60 ng/mL of OA, PTX2, SPX1, 
GYMA and AZA1 and 8 to 94 ng/mL of YTX.  
 
The in-house validation of the four chromatographic conditions was done using the external 
standard calibration strategy (EXS) to quantify the spiked samples. This calibration strategy 
saves the expensive certified standard solutions, assuming the calibration curves prepared in 
MeOH lasts longer than those involving seafood matrices. Nevertheless, the matrix-matched 
standard (MMS) calibration strategy has been reported to compensate matrix effects caused by 
seafood tissues in the determination of lipophilic toxins [13]. The MMS calibration strategy 
consists on the preparation of the calibration curve in a solvent with the same composition as 
the matrix of interest, usually in extracts of blank tissues of the same seafood species analyzed 
[23], thus the influence of the matrix interferences would affect equally to samples and 
standards.  
 
We performed a comparative study between the External Standard calibration (EXS) and the 
matrix-matched standard calibration (MMS) prepared with blank mussel extracts. The study 
tested if matrix effects were species dependent and if MMS improved method accuracy 
compared to EXS.  
 
We spiked homogenated seafood tissues by adding the standards on the tissues and vortex-
mixing them for 1 min. One blank sample of each matrix was spiked at three different 
concentration levels PG0"159419(:."BOE";"	ϪHLHϪHLHBOEϪHLH

BOEUXPDPODFOUSBUJPOMFWFMTPG:59	ϪHLHBOEϪHLH
JOKFDUFEJOUSJQMJDBUFBOE
quantified with a five level calibration curve (5 to 40 ng/mL) prepared in MeOH to assess the 
EXS strategy. The same spiked samples were injected in triplicate and quantified against a five 
level calibration curve (5 to 40 ng/mL) prepared in blank mussel extracts to assess the MMS 
strategy. The quantification of the hydrolyzed spiked samples was performed by triple injection 
against an hydrolyzed EXS calibration curve and against an hydrolyzed MMS calibration curve 
in mussels, both spiked with OA before the hydrolysis (five levels from 5 to 40 ng/mL). 
 
We also studied species dependence in matrix effects for OA (free and total OA after 
hydrolysis), YTX, PTX2, AZA1, SPX1 and GYMA in mussels, oysters, clams and sea urchins 
using the four chromatographic conditions. Matrix effects (ME) were estimated as the ratio 
between the slopes of a five level calibration curve (5 to 40 ng/mL) prepared in extracts of the 
blank seafood matrices, and the same curve prepared in MeOH. Values of ME lower/higher than 
one mean the matrix inhibits/enhances the signal of the toxin. If the slope of both calibration 
curves are equal (ME = 1), the matrix would have no effect on the sensitivity of the method. 
Each calibration level was analyzed by single injection under pH 2, pH 6.8 and pH 7.9; three 
injection replicates were analyzed under alkaline conditions. 
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3.2.9 Statistical analysis. 
Statistical calculations were performed using SPSS 17.0. The significance tests used to evaluate 
the influence of the species in the matrix effect was a One-Way ANOVA (one test per toxin), 
supported by a Levene Test of Homogeneity of Variances, and a Post Hoc Tukey HSD Test 
when the ANOVA test showed significant differences in the mean between groups (species). 
Alpha was set at 0.05 (95% confidence) for all tests and experiments.  
3.3 Results and discussion 
3.3.1  Implementation of LC-MS/MS methods according to the EURLB-SOP 
quality requirements 
Since the charge state of the toxins is influenced by the pH of the mobile phase, tR and elution 
order of the toxins were expected to change under different chromatographic conditions [12] 
(Figure 3-1). Under pH 2, YTX coeluted with PTX2, and the “–ESI toxins” (OA and YTX) eluted 
in the same time window as the “+ESI toxins” (GYMA, SPX1, PTX2 and AZA1). The shift from 
acidic to almost neutral conditions reduced OA tR and slightly alkaline conditions increased the 
tR of the cyclic imines. When pH was modified from pH 7.9 to pH 11, tR of OA, YTX and AZA1 
shorted, thus the “–ESI toxins” eluted at the beginning of the chromatogram and “+ESI toxins” 
eluted afterwards. This change in the elution order enabled to set detection windows with 
different polarity in our 3200 QTRAP® and analyze all toxins in the same run.  
 
Our results of tR and elution orders (Figure 3-1 and Table 3-3) agreed with those explained in 
Gerssen et al. [12]. We also appreciated a narrower peak for YTX once the pH was set close to 
neutrality in relation to acidic conditions. AZA1 tR was the most shorted by pH changes (3.2 
min difference over 9 pH units,) and peaks widened when pH changed from acid to alkaline 
conditions. 
 
All conditions met the quality requirements for OA-DTX2 resolution. The best resolutions 
between OA-DTX2 calculated according to Equation 3.1 were 1.67 and 1.55 under pH 6.8 and 
pH 7.9, respectively. Resolutions achieved with elution at pH 2 and pH 11 were lower (1.09 and 
1.01, respectively) though still fulfilled the quality criteria [11]. 
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Table 3-3. Average retention times in minutes (n=6) and average relative retention times (n=2; 
in brackets and italic) of six groups of lipophilic toxins. 
Retention times (min) 
  pH 2 pH 6.8 pH 7.9 pH 11 
AZA1 7.9 6.6 6.3 4.7 (1.0) 
AZA2       (0.9) 
AZA3       (1.1) 
OA-c 6.2 4.8 4.5 3.1 
DTX1 7.0 5.9 5.7 3.7 
DTX2 6.5 5.2 4.8 3.4 
GYMA 4.3 4.4 6.0 5.8 
PTX2 6.6 6.5 6.5 6.6 (1.0) 
PTX2-sa       (0.5) 
SPX1 4.9 5.5 6.4 6.3 
YTX 6.4 6.2 5.9 3.8 (1.0) 
HomoYTX       (1.0) 
45-OH-YTX       (0.84) 
45-OH-homoYTX       (0.84) 
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Figure 3-1. Example of chromatograms of NRC CRM standard solution of AZA1, GYMA, OA, 
PTX2, and SPX1 at 50 ng/mL; YTX at 200 ng/mL, under four chromatographic conditions.  
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
34    Chapter 3 
 
 
Table 3-4. Sensitivity of six groups of lipophilic toxins (slope of the calibration curve in methanol 
LCMS) and matrix effects (ME) under four chromatographic conditions, expressed as the ratio 
between the slopes of a calibration curve in methanolic seafood extracts against the slope of a 
calibration curve in methanol. MeOH*: Slope of calibration curve in methanol 
Sensitivity and matrix effects 
 
pH 2 pH 6.8 pH 7.9 pH 11 
  (n=1) (n=1) (n=1) (n=3) 
AZA1         
MeOH* 644.38 466.11 386.35 798.85 
Mussel 0.87 0.62 1.03 0.97 
Oyster 0.74 0.72 1.00 0.91 
Clam 0.96 0.78 0.77 1.18 
Sea Urchin 0.94 0.75 0.98 1.00 
GYMA         
MeOH* 333.81 216.09 319.44 1010.84 
Mussel 0.86 1.19 1.13 0.91 
Oyster 0.72 0.87 1.03 0.80 
Clam 0.89 0.88 1.12 1.02 
Sea Urchin 0.73 1.19 0.96 0.58 
OA-c          
MeOH* 105.93 88.78 96.01 200.89 
Mussel 1.65 1.92 1.55 2.09 
Oyster 1.54 1.10 1.07 2.31 
Clam 1.49 1.09 1.01 2.65 
Sea Urchin 1.45 1.59 1.16 2.04 
PTX2         
MeOH* 141.74 35.29 195.02 739.35 
Mussel 0.98 1.27 1.16 0.97 
Oyster 0.95 1.10 1.09 1.05 
Clam 1.00 1.46 1.27 1.07 
Sea Urchin 0.88 1.28 1.08 1.09 
SPX1         
MeOH* 1157.07 607.84 957.77 2885.69 
Mussel 0.69 1.03 1.22 1.05 
Oyster 0.87 1.38 1.17 1.07 
Clam 0.81 1.37 0.92 1.21 
Sea Urchin 0.77 1.28 1.19 1.19 
YTX         
MeOH* 32.11 13.21 9.58 335.16 
Mussel 0.94 1.34 1.16 1.80 
Oyster 0.90 0.93 1.34 2.57 
Clam 0.99 1.13 1.25 3.08 
Sea Urchin 1.03 1.18 1.03 2.79 
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The external calibration curves of the NRC standards confirmed that the elution system does 
have an effect on sensitivity (Table 3-4) and Figure 3-2). Alkaline conditions showed the highest 
sensitivity for all toxins but AZA1; the improvements in sensitivity for YTX and PTX2 were 
remarkable: after normalizing sensitivity data with injection volumes, YTX sensitivity was five 
times better under alkaline conditions than under acidic conditions, while PTX2 sensitivity 
increased almost three-fold. Chromatographic conditions under pH 6.8 and 7.9 generally 
showed lower sensitivities than acidic conditions, especially for PTX2 under pH 6.8 and for YTX 
in both cases. 
In our case and following the EURLMB SOP [11] requirements, only the alkaline conditions 
could be implemented as a multi-toxin method, since it was the only one proving acceptable 
LOQs for all regulated toxins (Table 3-4), including YTX (less than 60 μg/kg), with our middle-
class 3200 QTRAP® MS. The analysis of YTX under acidic conditions gave high LOQs (Table 3-
5), from 272.6 μg/kg (in sea urchin) to 377.1 μg/kg (in mussel), influenced by the poor 
chromatographic peak shape of YTX under pH 2 (Figure 3-1). 
 
Although more alkaline pH improved YTX peak shape, the detection capability for YTX under 
pH 6.8 and pH 7.9 was still too low ( 
Table 3-4) and the theoretical LOQs for YTX under these pH were found over 300 μg/kg, 
therefore experimental LOQs were not evaluated to save valuable standards. Conditions under 
pH 6.8 also failed to provide LOQs for PTX2 lower than 50 μg/kg in most of the matrices. The 
lowest LOQs for AZA1 and GYMA were achieved under pH 7.9 (7.1 μg/kg and 2.3 μg/kg 
respectively, average for the four matrices), while the lowest LOQs values for OA, PTX2 and 
SPX1 were found under alkaline conditions (6.5 μg/kg, 11.9 μg/kg and 8.6 μg/kg respectively, 
average for the four matrices). 
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Figure 3-2. Comparison of external calibration curves of six lipophilic toxins under four elution 
system (different pH and buffer composition). Normalized for 5 µL of injection volume for pH 11 
(n=2). Slope values are listed in Table 3-4. 
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Table 3-5. Limits of quantitation (LOQ, µg/kg) evaluated with blank homogenized samples of 
each matrix spiked at the theoretical LOQs (n=3) for six groups of lipophilic toxins. 
  LOQs (µg/kg) 
  pH 2 pH 6.8 pH 7.9 pH 11 
AZA1         
Mussel 8.7 12.4 9.2 6.0 
Oyster 6.8 13.9 8.3 10.9 
Clam 5.6 29.8 7.7 9.7 
Sea Urchin 7.6 15.5 3.1 4.6 
GYMA         
Mussel 6.1 4.7 1.5 13.2 
Oyster 7.0 7.8 3.4 5.7 
Clam 11.2 19.2 1.7 10.9 
Sea Urchin 18.4 6.4 2.4 3.4 
OA-c         
Mussel 14.9 26.9 22.0 3.6 
Oyster 15.2 29.2 18.3 6.8 
Clam 8.7 21.1 19.1 7.1 
Sea Urchin 10.5 25.5 21.7 8.5 
PTX2         
Mussel 25.6 71.6 5.3 13.4 
Oyster 22.2 52.9 27.2 15.6 
Clam 23.3 36.7 11.0 10.2 
Sea Urchin 24.8 85.8 13.1 8.7 
SPX1         
Mussel 33.7 8.2 55.7 14.7 
Oyster 17.4 6.2 15.7 14.3 
Clam 5.9 22.8 9.4 3.4 
Sea Urchin 7.9 16.4 2.4 1.8 
YTX         
Mussel 377.1 > 300.0 > 300.0 36.0 
Oyster 340.3 > 300.0 > 300.0 15.8 
Clam 312.9 > 300.0 > 300.0 12.4 
Sea Urchin 272.6 > 300.0 > 300.0 16.3 
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This study confirms that the selection of the proper chromatographic condition can contribute 
to get better LOQs. Alkaline conditions provided better LOQs for YTX because of three reasons: 
first, they allowed 1Ϫ-PGTBNQMFJOKFDUJPO	JOTUFBEPGϪ-BTJOUIFSFTUPGUIFDPOEJUJPOT

without peak broadening caused by column overloading; second, the double charged species 
monitored as the precursor ion of YTX were highly selective and sensitive [13]; and finally, 
alkaline pH seems to reduce secondary interactions between the sulfonic acids of YTX and the 
stationary phase of the column [12], resulting in narrower peaks with better S/N ratios (Figure 
3-1). The ionization yield of YTX at pH 6.8 and 7.9 has not been studied in detail (nor in this 
study neither in the literature), thus the selection of a different precursor ion might increase 
YTX sensitivity under these elution systems. Nevertheless, the maximum permitted level for the 
YTXs is 1 mg/kg, thus other conditions could be also applied and still be efficient to monitor the 
YTXs according to the Regulation (EC) 853/2004 [3].  
 
Low sensitive instruments may require the reconsideration of the extraction procedure to 
achieve better LOQs, by reducing the extraction volume or applying pre-concentration steps, 
but matrix effects and recoveries should be carefully taken into account when applying these 
strategies.  
 
The correlation of the calibration curves calculated by least-squares adjustment was not always 
satisfactory. Although all chromatographic conditions had correlation coefficients less than 0.98 
in some specific occasions our study proves that some toxins (especially YTX) and 
chromatographic conditions (particularly pH 7.9) are more prone to have linearity problems. 
 
A major change in the slope (response drift over 25%) of two consecutive calibration curves 
means the sensitivity of the method for a certain toxin is not stable during the batch, which 
occurred in 12.5% of the calibration curves of SPX1 and PTX2 analyzed under pH 6.8, and in 
25% of the curves of YTX with pH 7.9. Acidic and alkaline conditions kept the sensitivity 
constant for all toxins in all batches (none of the batches had a slope drift larger than 25%). 
Changes in sensitivity were unrelated to carry-over problems, since absence of signals were 
found in control blank samples analyzed after positive control samples or high concentration 
standards. However, response drifts were more frequent for those toxins with poor sensitivities 
under certain chromatographic conditions. 
3.3.2 Methods performance  
The alkaline conditions had the best overall performance in terms of precision (Table 3-6). For 
AZA1, alkaline conditions provided HorRat values below one in all matrices and 
concentrations, but the rest of conditions were also precise enough in most cases at medium and 
high concentrations. The precision in the analysis of GYMA spiked in mussels was only 
satisfactory under alkaline conditions, but acidic conditions had better precision in sea urchins. 
The HorRat values for OA (both crude and hydrolyzed) were in general very high (up to 3.4 in 
mussels spiked at 0.5 times the MPL analyzed under acidic conditions after hydrolysis). The 
precision for crude OA in mussels under alkaline conditions was good, but in sea urchins the 
acidic conditions would provide better HorRat values at medium and high concentrations. For 
PTX2 and SPX1, alkaline conditions resulted in general better than the rest in terms of 
precision.  
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The intermediate precision for YTX was generally insufficient under all chromatographic 
conditions but slightly better under pH 11. Since alkaline conditions were the only one 
providing LOQs lower than 60 µg/kg for YTX, they were the best choice for the analysis of YTX.  
Trueness was expressed as recovery (Table 3-6). The recovery of the lipophilic toxins resulted to 
be dependent on the chromatographic conditions, since the pH and the buffer in the mobile 
phase can affect the ionization yield of the toxins and the elution of potential interferences 
present in the matrix.  
 
The recoveries for AZA1 were mostly lower than 70% for all matrices under pH 6.8 and 7.9 and 
slightly better under pH 2, but the toxin concentration was overestimated under alkaline 
conditions. The recoveries for GYMA were generally low under all chromatographic conditions 
(slightly better under pH 6.8), but especially under pH 2, with recoveries below 85%. The 
recoveries of OA strongly depended on the pH: the overestimation of crude OA under alkaline 
conditions was remarkable, while the recoveries generally fell in the range of 80% to 120% under 
pH 2 and were slightly lower under pH 7.9. The hydrolyzed OA also shown overestimation 
under pH 11, but the recoveries were generally lower than those for the crude OA in all cases. 
The recoveries for PTX2 were generally low under acidic conditions and under pH 6.8 and 7.9, 
but they fell between 80% and 110% in most cases under pH 11, thus it would be possible to 
correct the concentration using the mean recovery [27] Recovery correction can also be applied 
for SPX1 quantification under alkaline conditions, while SPX1 were under-quantified with pH 2 
and pH 7.9 and over-quantified with pH 6.8. The YTX recovery under pH 2, pH 6.8 and pH 7.9 
were not reliable since most measurements were imprecise and the LOQs were too high. Under 
alkaline conditions, recoveries for YTX were always below 80%.  
 
Improvements in precision and trueness enhance accuracy. Precision benefits from replicate 
injections of the sample and more data points per peak.  The EURLMB validated its method 
using double injection [11], but the SOP allows single injection whenever possible to increase 
sample throughput and save standards, as aimed in this study, but this approach showed to be 
sometimes insufficient and double or triple injection is encouraged. The number of acquired 
points per peak of transitions used for quantitation may also be increased by reducing the dwell 
time of confirmatory transitions (assuming proper S/N and relative ion intensities ratios).  
Besides, clustering of “–ESI toxins” and “+ESI toxins” is very useful to increase the sample 
throughput of instruments with slow polarity switching, but it still provide a benefit even in 
modern instruments since the less time invested in polarity switches, the more data points 
acquired per peak. Trueness is improved by correction in recovery with certified reference 
materials or in-house internal reference materials when the firsts are not available.  
 
The deviation in tR for all toxins in the spiked samples compared to those in the standards never 
exceeded 3%. The stability of the pH in the mobile phase is essential to ensure that the retention 
times remain constant along the analysis: alkaline mobile phase was prone to changes in pH 
(likely due to the evaporation of the ammonium hydroxide) and we observed AZAs tR were very 
sensitive to those slight changes. Thus, alkaline mobile phases should be freshly prepared daily. 
When there is no available standard to obtain the tR of a toxin, the relative tR can provide 
additional identification points complementary to the MRM transitions. Moreover, it may be 
interesting to get relative tR under different elution conditions for toxin analogues for which 
standards are not commercially available, especially when derivatives are present in samples at 
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very low concentration and acquisition of a full product ion spectrum is not possible. Changes 
on retention time can provide additional identification points. 
 
We did not detect interfering peaks in the blank samples for any toxin under any 
chromatographic conditions, but switching chromatographic conditions can serve as a strategy 
to get rid of matrix interfering compounds since the pH modifies the selectivity towards the 
compounds of the matrix, as proposed by Kilcoyne and Fux [23].  
 
The relative ion intensities measured in the samples and in the calibration standards at 
comparable concentrations fell into the tolerance ranges proposed by the Regulation (EC) 
657/2002 [27] in most cases. There were two small deviations out of the tolerance ranges: for 
PTX2 in sea urchin matrix analyzed under acidic conditions (1% out of the tolerance range) and 
for YTX in oysters analyzed under alkaline conditions (4% out of the tolerance range). The most 
important variation was found for YTX in oysters analyzed under acidic conditions (17% out of 
the tolerance range), probably related to the poor sensitivity and chromatographic peak shape of 
YTX under pH 2. Nevertheless, the matrix might alter the fragmentation ratios of an analyte 
[30], although this phenomenon has been barely studied.  
3.3.3 Calibration strategies and matrix effects assessment 
Matrix effects strongly varied depending on the toxin. Signal enhancement was especially 
evident for OA in most matrices and chromatographic conditions. Overall positive matrix 
effects were less important for PTX2, while AZA1 mostly tended to signal suppression. Matrix 
effects for cyclic imines depended on chromatographic conditions (Table 3-4), and generally 
suffered from signal suppression under acidic conditions and moderate signal enhancement at 
more alkaline pH. The use of different chromatographic conditions affects matrix effects by 
altering the elution order of interferences, but this effect is difficult to assess, and it had not been 
systematically studied before. 
 
Matrix effects may explain deviations in recovery, a problem often reported in lipophilic toxin 
determination by LC-MS/MS [12, 17, 20, 22-24]. Signal suppression of AZA1, SPX1 and GYMA 
under pH 2 could explain the low recovery of these toxins, while OA signal enhancement 
correlated with the overestimation of OA in mussels and sea urchin. Under pH 6.8 and pH 7.9, 
the strong signal suppression for AZA1 in all matrices may explain the problems with trueness. 
Moreover, signal enhancement under pH 6.8 may explain the recoveries over 110% for SPX1, 
while signal suppression for GYMA in sea urchin and for SPX1 in clams correlated with 
insufficient recoveries. 
 
The statistical analysis showed that matrix effects were species dependent for YTX and GYMA 
(Figure 3-3): all seafood matrices enhanced YTX signal in the LC-MS/MS, but the signal 
promotion was significantly lower (p < 0.001) in mussels that in the rest of the matrices tested. 
GYMA signal suppression was significantly higher (p = 0.032) in sea urchin matrix than in 
mussel matrix.  
 
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
42    Chapter 3 
 
0
0.5
1
1.5
2
2.5
3
3.5
4
AZA1 GYMA OA-c PTX2 SPX1 YTX
M
E
Mussel Oyster Clam Sea Urchin
*
*
*
*
#
#
*
*
#
#
 
Figure 3-3. Matrix effects (ME) under alkaline conditions, expressed as the ration between the 
slopes of a calibration curve prepared in methanolic seafood extracts against the slope of a 
calibration curve prepared in MeOH (n=3). ME > 1 means signal enhancement; ME < 1 means 
signal suppression; ME =1 means no matrix effect. * and # represent significant differences 
(Tukey Test, p value < 0.05). 
We assessed the accuracy of the method with EXS and MMS (Table 3-7). Precision was 
evaluated as the HorRat value for intraday precision and trueness was assessed as recovery. We 
found that the calibration strategy of MMS improved method accuracy for the determination of 
GYMA and PTX2, since both toxins showed low recoveries (below 80%) when the spiked 
samples were quantified against an EXS curve. Figure 3-3 shows that GYMA tended to suffer 
from signal inhibition by seafood matrices, thus MMS would be a suitable approach to obtain 
satisfactory recovery values for this toxin. The recoveries of AZA1 and SPX1 were slightly higher 
when the spiked samples were quantified against a MMS curve. However, the use of MMS did 
not have a great impact in the correction of matrix effects in the determination of these toxins. 
Okadaic acid tended to show a strong signal enhancement influenced by seafood matrices; this 
observation agreed with the literature [11, 14, 21, 23]. The recoveries found for OA when the 
spiked samples were quantified against an EXS curve ranged from 114% (when 80 µg/kg were 
spiked in clams tissue), to 225% (when 240 µg/kg were spiked in mussels tissue). The use of 
MMS drastically dropped the recovery values for OA, ranging from 61% (240 µg/kg OA spiked 
in oyster) to 104% (160 µg/kg spiked in mussel), and being over 70% in most of the cases. In the 
case of hydrolysed samples, the recovery of OA in hydrolysed extracts decreased following the 
same trend. However, only hydrolysed mussel samples had good recoveries with MMS, the 
recoveries for other seafood species were below 80%, although MMS did not noticeably affect 
precision. Regarding YTX, recoveries drastically decreased with MMS compared to those found 
with EXS, which were extremely high during this experiment. Nevertheless, only the results for 
mussels were accurate, since MMS negatively affected precision for YTX and the variation 
among injections was too high to provide reliable results.  
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The species dependence of matrix effect may determine if MMS prepared in one species may 
compensate matrix effects for other species, but the previous studies on the topic did not reach a 
consensus. Gerssen et al. [13] proved that the MMS prepared in blank mussel extract can be 
used for matrix effect correction even in other seafood matrices, since the influence of the 
species in the method was negligible. On the other hand, several studies claimed that matrix 
effects seem to be species dependent. Stobo et al. [17] found that matrix effects varied depending 
on the type of seafood matrix, even for the same toxin. For example, signal suppression for 
AZA1 was more evident for king scallop than for mussels, cockles and oysters matrices. 
Kilcoyne and Fux [23] found that the differences in recovery of OA in spiked samples of several 
seafood tissues were statistically significant. Moreover, the degree of suppression of the AZA1 
signal was also species dependent, and the article even warned about the possibility of 
differences in matrix effects between samples of the same species but collected in different 
locations due to differences in the diet and physiological state of the organisms. McCarron et al. 
[24] also highlighted the importance of finding a proper matrix to be used as a match in the 
MMS strategy.  
 
Matrix effects in lipophilic toxins analysis have been extensively studied. Besides MMS, other 
groups have proposed several techniques to compensate matrix effects: solid phase extraction 
(SPE) clean-up [12, 23], optimization of the chromatographic method [23], selection of the 
appropriate instrumentation [20, 23], sample dilution [20], and standard addition [22, 24]. All 
techniques their disadvantages, mostly related to the additional time and amount of standards 
needed, thus the selection of a proper strategy to deal with matrix effects is not trivial.  
 
We demonstrated that matrix effects are species dependent for some lipophilic toxins in 
seafood, thus MMS may not be always suitable to compensate matrix effects under alkaline 
conditions. Besides, this strategy is more time and standards consuming than the EXS. In our 
laboratory of shellfish harvesting monitoring, we decided to use EXS as the quantification 
strategy, since we rarely analyze seafood samples with the toxins that benefit the most from the 
MMS (GYMA, PTX2 and AZA1). We correct OA recoveries (the most prevalent toxin in our 
study area) in mussels and oysters with the certified reference material of mussels naturally 
contaminated with OA, commercially available as CRM-DSP Mus b by the NRC (Canada), since 
the matrix effects for OA have been proved to be not species-dependent for crude extracts.  
 
In the comparative study between quantification strategies, the low recoveries found for PTX2 
using the EXS strategy (Table 3-7) were unexpected, since the in-house validation under pH 11 
was performed with the same quantification strategy and the recoveries were satisfactory in that 
case (Table 3-6). The contradiction between both experiments, which were performed using the 
exact same method and spiked samples, might be explained by the number of replicates used: 
the in-house validation experiment assessed intermediate accuracy (four different spiked 
samples extracted in four days and analyzed by single injection), whereas the EXS strategy 
experiment evaluated intraday accuracy (one sample analyzed by triple injection in one day). 
PTX2 is rarely found in seafood matrices, since it is rapidly metabolized into PTX2-sa [31]. The 
analysis of YTX was very challenging, even under alkaline conditions. The poor precision of the 
method during the analysis with EXS strategy could explain the overestimation of YTX during 
this experiment (Table 3-7), which is contradictory with the recoveries found during the in-
house validation process (Table 3-6). We expect that the routinely application of the method 
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and the definition of proper strategies for quality control, such as the participation in 
collaborative studies and the use of internal reference standards to correct recoveries, will help 
us to improve the quantitative determination of YTX in seafood samples. As a result of these 
experiments, we found indispensable to increase the number of replicates to achieve good 
accuracy in the analysis of YTX.  
 
We highlight the selection of the mobile phase is a crucial step to implement the LC-MS/MS 
method: it affects chromatographic separation, sensitivity, LOQs, accuracy and matrix effects. 
We did not investigate the effect of LC conditions on the MS/MS behavior as we follow the 
recommendations stated in the EURLMB SOP and because the amount of standards needed for 
that task is unaffordable by our laboratory. The impact of different elution conditions on 
tandem MS detection should be further investigated. Mobile phase can affect the ionization yield 
and nature of precursor ions in the ESI source, but it may also alter the MS2 spectra: ion 
fragmentation is not always independent of the ionization environment [32, 33]. The next 
EURLMB SOP shall address this issue.  
 
We consider unlikely that one single set of conditions could work perfectly for all toxin profiles 
and matrices, thus we would encourage the laboratories to include their priorities regarding 
toxin and samples types in the decision-making process to implement their methods.  This 
concern has been faced before in marine toxin analysis: the suitability of HPLC methods for 
paralytic shellfish poisoning (PSP) depending on the toxin profile is already well known as one 
of the issues that are hindering the adoption of HPLC-FLD methods to replace the bioassays [34, 
35]. Nevertheless, the availability of different methods must be seen as a tool for the analyst to 
gain a better understanding of the marine toxins in environmental matrices. 
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3.4 Conclusion 
The method based on LC-MS/MS for the determination of lipophilic toxins in seafood has been 
accepted by the European Union as a reliable technique to protect public health and reduce the 
use of animals for routine analysis. The EURLMB SOP [11] establishes a solid framework for the 
implementation of the LC-MS/MS method but it is not explicit enough concerning the 
chromatographic conditions and the matrix effect correction strategy that should be used. The 
current study is the first work aimed to compare the most common chromatographic 
alternatives for the determination of lipophilic toxins in seafood by LC-MS/MS in terms of 
functionality, quality criteria, validation parameters and quantification strategies under the same 
experimental settings (extraction and hydrolysis procedures, chromatographic column, MS 
instrument conditions, standards and reagents, and analyst). In our case, we chose the alkaline 
conditions, External Standard calibration as quantification strategy, and recovery correction for 
OA with CRM-DSP Mus b to be implemented as the routine method.  Alkaline conditions 
provide higher sample throughput, lower LOQs, and the best overall performance in terms of 
sensitivity and accuracy in the validation study. The EXS strategy combined with OA recovery 
correction by CRM-DSP Mus b demanded less time and standard investment and provided 
satisfactory results. The analysis of YTX was challenging and it is still being improved in our 
laboratory by increasing the number of injections, participating in collaborative studies and 
preparing internal reference standards to correct YTXs recoveries.  
 
When selecting the best chromatographic conditions, factors such as the instrumentation 
available (regarding polarity switching, limits of detection), the number of samples needed to 
analyze, the toxin profile and the sample matrices should be considered. The matrix effects 
should be examined carefully, especially when including a new toxin in the method or analyzing 
a new matrix. A proper selection process may be time and resources demanding, but we hope 
that this comparative study may serve as starting point to other laboratories implementing their 
own methods for lipophilic toxins determination in seafood by LC-MS/MS. 
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Abstract 
We report a comprehensive study of a diarrhetic shellfish poisoning (DSP) outbreak in a 
Mediterranean coastal embayment, integrating phytoplankton identification and enumeration 
data, with toxin analysis by LC-MS/MS of shellfish samples (mussels and oysters), 
phytoplankton concentrates (filters and vertical net-hauls), and solid phase adsorbing toxin 
tracking (SPATT) devices. Alfacs Bay was proposed as a model for the study of semi-enclosed 
coastal embayments and it is the most important shellfish farming area in Catalonia (Spain, NW 
Mediterranean Sea). The bay suffered a ban for bivalve harvesting that lasted 78 days, from late 
winter to the end of the spring of 2012, due to a harmful algae bloom of the toxic dinoflagellate 
Dinophysis sacculus that fluctuated in three abundance peaks, reaching maximum abundance of 
2200 cell/L. Mussels sampled during the bloom contained okadaic acid (OA, maximum 592 
µg/kg, 3.7 times the maximum permitted level (MPL) set by the European Commission), and 
pectenotoxin-2 (PTX2, maximum 61 µg/kg). Oysters also contained OA and PTX2, but always 
below the MPL. Cell toxin content measured from phytoplankton concentrates in filters and 
from net-haul samples differed in two orders of magnitude, and it was most likely overestimated 
in filters (up to 461 pg OA/cell and 668 pg PTX2/cell), but showed an increase of cell toxicity 
towards the end of the bloom. OA-diol esters were not detected. Concentration of DSP toxins in 
SPATT devices were up to 94 ng OA/g resine·day, 42 ng PTX2/g resine·day and 7 ng PTX2-sa/g 
resine·day. The applied monitoring strategy, based on the measurement of Dinophysis cell 
abundance in the water column, was effective to protect public health and did not extended the 
regulatory closure unnecessarily. Concentration of DSP in SPATT bags followed Dinophysis 
abundance dynamics, thus SPATTs were confirmed as a valuable research tool for Dinophysis 
blooms.  
 
 
Keywords 
Dinophysis; Mediterranean Sea; Liquid Chromatography-Mass Spectrometry; Diarrhetic 
Shellfish poisoning; Solid Phase Adsorbing Toxin Tracking; phytoplankton concentrates 
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4.1 Introduction 
The accumulation of marine toxins in shellfish is one of the most concerning negative effect of 
harmful algae blooms in marine environments. Among the several illnesses caused by 
contaminated bivalves, diarrhetic shellfish poisoning (DSP) is the syndrome that has caused 
more toxic events in the Mediterranean northwest coast of Spain [1]. The DSP toxin group 
(comprising okadaic acid (OA), dinophysistoxins (DTXs) and pectenotoxins (PTXs)) is also the 
one that leads to more banning days for bivalve producers [2] when its concentration in shellfish 
FYDFFETUIFNBYJNVNQFSNJUFEMFWFM	.1-
TFUCZUIF&VSPQFBO6OJPO	ϪHLHPGCJWBMWF
flesh [3]).  
 
The toxins associated with DSP are produced by dinoflagellates of the genus Dinophysis (and 
Phalacroma rotundatum, formerly D. rotundata), and Prorocentrum spp. In the Mediterranean 
coasts, the highest abundance of Dinophysis cells were recorded between 2003 and 2008 in the 
eastern Mediterranean (Greece), where Dinophysis blooms occurred periodically in late winter 
and spring, with concentrations over 85,000 cell/L and regulatory closures longer than 150 days 
[4]. Dinophysis populations in the Adriatic Sea are also related to DSP toxicity, mostly in the 
most eutrophicated regions, and involve six species (D. acuminata, D. sacculus, D. caudata, D. 
fortii, P. rotundatum and D. tripos) that bloom consecutively from sprint until winter [5]. 
Dinophysis abundances reached 25,000 cell/L during 2008 in the Mediterranean Bizerte Lagoon 
(northern Tunisia), where Dinophysis blooms comprise three species: D. sacculus, D. 
accuminata and P. rotundatum [6]. Similar abundances where found during 1998 in Sicily 
(western Mediterranean Sea) in a bloom dominated by D. sacculus, which seems to be the most 
common species in this region of the Mediterranean Sea [7]. Blooms of Dinophysis are also a 
recurrent problem in Alfacs Bay [2], the main production area for bivalves in Catalonia (Spain, 
NW Mediterranean Sea). In spring of 2012, a bloom of Dinophysis caused the closure of Alfacs 
Bay for bivalve extraction during 11 weeks. The MPL in mussels for DSP toxins was exceeded 
during 78 days which resulted in important economic losses for the Catalan aquaculture sector.  
 
Dinophysis are carefully monitored in the Mediterranean basin, but harmful events of DSP 
toxicity are very difficult to predict, as it is been reported in several studies that found a weak or 
even no correlation between cell abundances of Dinophysis spp. and toxins levels of DSP [8-14], 
although other studies found a good correlation between cell abundances and toxicity [15, 16]. 
Many factors could explain the absence of correlation between cell abundances and toxicity. 
First, Dinophysis spp. blooms are strongly linked to weather conditions: water column 
stratification (due to warm temperatures and low wind) favor bloom initiation and 
maintenance, and wind-induced currents influence their transport [17], thus spatio-temporal 
distribution of the bloom is difficult to predict, which complicates sampling. Second, Dinophysis 
spp. blooms present high intra-cell toxin variability during the bloom, and even along the same 
day [18, 19], thus it is the product of cell abundance and cell toxicity which will influence 
shellfish toxicity [20].Third, the dynamics of the prey Mesodinium spp. is another factor to 
consider, since its availability is one of the main drivers of Dinophysis cell growth, which alters 
toxin quotas [8, 18, 21]. Filtration rates, accumulation of toxins and availability of alternative 
food sources for shellfish [8, 16, 22] are factors that also may determine the toxin content in 
bivalves, and this also complicates the prediction of the toxic events based on cell abundances. A 
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proper spatio-temporal design of the sampling of the shellfish and the phytoplankton 
community is the key to provide useful information to managers and aquaculture producers on 
the presence of toxins and toxin-producing microalgae. The use of solid phase adsorbing toxin 
tracking (SPATT) devices has been proposed as an early-warning tool to detect lipophilic toxins 
in bivalves farms [23], but its use as monitoring tool has been questioned, as some authors have 
found overestimation of the expected toxin levels in shellfish [24].  
 
The toxic phytoplankton species and their related toxins in shellfish are monitored in Catalonia 
on a routine basis by IRTA-Research and Technology-Food and Agriculture, since 1999. The 
strategy of the monitoring program has been proven to be an efficient tool to protect public 
health in the study area, which has been based on the identification and quantification of 
microalgae in the water column as an early warning parameter and the analysis of shellfish 
tissue by the mouse bioassay (MBA). The inclusion of Liquid Chromatography coupled to Mass 
Spectrometry (LC-MS) as coexisting reference method for lipophilic toxins in bivalves [25] was 
adopted at IRTA in 2012 as an opportunity to investigated the dynamics of Dinophysis spp. 
blooms and its related DSP toxicity in shellfish, and currently it is the method used for the 
management of shellfish harvesting areas since January 1st 2015.  
 
This work reports a case study that will contribute to better understand the process of bloom 
development and behavior for Dinophysis spp. in Alfacs Bay, which was proposed as a pilot site 
for comparative studies of HABs in coastal embayments within the Global Ecology and 
Oceanography of Harmful Algal Blooms (GEOHAB) program [26]. Alfacs Bay and its almost 
permanent stratification posed a good opportunity to contribute to one of the Core Projects of 
GEOHABS, the study of HABs in Stratified Systems, which have specific characteristics 
regarding sampling, modelling and chemically mediated interactions among the thin layers of 
the stratified water column. Besides, this study will help the assessment of the current 
monitoring strategies in Catalonia [27].  
 
This study focuses on two consecutive toxic outbreaks of Dinophysis spp. occurred in Alfacs Bay 
during the spring of 2012. We investigated quantitatively and qualitatively the toxins profiles 
associated with the wild toxic populations of Dinophysis spp. in plankton concentrates from sea 
water (vertical net-hauls and filters concentrates), and studied their relationship with DSP toxin 
levels in SPATT devices and in two shellfish species (mussels and oysters). The suitability of 
early warning systems of the monitoring program, such as the use of SPATT devices and the 
Dinophysis spp. abundance current threshold of 500 cell/L, was discussed in light of our results.  
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4.2 Materials and Methods 
4.2.1 Study area 
 
 
Figure 4-1. Map of Alfacs Bay in the Ebro River Delta (NW Mediterranean). Dots represent 
sampling stations (PA: Port Alfacs, EA: Exterior Alfacs, CIA: Central Interior Alfacs, CSA & 
CFA: Central Alfacs, surface (S) and bottom (F), IA: Interior Alfacs, BA: Buoy Alfacs). The star 
symbol (*) indicates the location of the buoy. 
Alfacs Bay is a semi-enclosed water body located in the northeast coast of Catalonia (Spain; 
Figure 4-1), in the southern part of the Ebro River Delta. It is about 12 km long, 4 km wide, with 
an average depth of 3 m (maximum depth of 6 m), separated from the Mediterranean Sea by a 
sand barrier up to the western end, where its mouth of 2.5 km is located [28]. The maximum 
income of freshwater inputs occurs between April and October each year (approximately 
275·106 m3 from its northern edge) according to the seasonal pattern driven by rice cultivation in 
the region [29, 30]. Alfacs Bay has a Chl a concentration higher than other coastal waters in the 
Mediterranean [31, 32], and this stimulates the shellfish aquaculture in the bays [33]: the annual 
production of mussels in the Ebro Delta reaches 3000 t per year from the 166 bivalves farms, 
being 90 of them located in Alfacs Bay [34].  
4.2.2 Sampling 
Six sampling stations were selected for the study (Figure 4-1): PA: Port Alfacs (N 40º 37.038’, E 
0º 35.869’), EA: Exterior Alfacs (N 40º 36.456’, E 0º 36.148’), CIA: Central Interior Alfacs (N 40º 
37.328’, E 0º39.491’), CA: Central Alfacs (N 40º36.453’, E 0º39.369’, CSA: surface; CFA: bottom), 
IA: Interior Alfacs (N 40º 37.465’, E 0º 41.253’), BA: Buoy Alfacs (N 40º 37.152’, E 0º 39.757’). 
 
Phytoplankton samples were collected for identification and quantification at all sampling 
stations.  
 
At the buoy sampling station (BA), phytoplankton samples were collected by vertical net hauls 
(25 cm diameter, 20 ϪN mesh size) in the upper 5 m to obtain integrated samples of the whole 
water column. The total volume collected by the vertical net-haul was estimated mathematically 
	7PMVNFɀrSBEJP2·length; with 25 cm diameter and 5 m length) to be 245.5 L. The total final 
* 
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volume of filtered seawater collected (400 mL) was filtered under low vacuum through 0.45 µm 
nylon filters and stored in methanol at -20ºC. In order to estimate toxin content per cell, cell 
abundances were obtained from integrated water samples. 
 
At Central Alfacs (CSA) and Interior Alfacs (IA) sampling stations, samples of approx. 2.5 L of 
sea water from 0.5 m depth (surface) were collected with a plastic container. A subsample of 
approximately 100 mL was kept for phytoplankton identification and quantification, the rest of 
the volume was filtered under low vacuum through 0.45 µm nylon filters and stored at -80ºC 
until extraction. 
 
Close to Central Interior Alfacs (CIA), from several surrounding rafts, approximately 1.5 kg per 
sample of blue mussels (Mytilus galloprovincialis) and Pacific oysters (Crassostrea gigas) were 
collected from the shellfish harvesting racks in Alfacs Bay. Shellfish was properly cleaned and 
opened, and at least 100 g of shellfish tissue per sample was obtained and homogenized with a 
hand blender. 
 
At buoy sampling station (BA), solid-phase adsorption toxin tracking (SPATT) [23] devices 
used as passive samplers of dissolved lipophilic toxins in seawater were prepared and desorbed 
in methanol following the protocol explained in Caillaud et al [35]. Briefly, the SPATT devices 
were prepared in the laboratory with ~10 g of wet adsorbent styrene-divinylbenzene resin 
(DIAON® HP20, Mitsubishi Chemical Corporation, Tokyo, Japan). Then, SPATT bags were 
preserved in water at 4ºC prior to their use. SPATT bags were disposed in the field at a depth of 
0,5m and remained immersed in the marine environment for a week.  
4.2.3 Dinophysis spp. identification and quantification 
Phytoplankton cells were counted according to the Utermhöl method [36] with a Nikon or Leica 
DMIL inverted microscopes settling  50 mL in Hydrobios chambers. The entire bottom of the 
chamber was counted at 100–200× magnification to quantify Dinophysis species. 
4.2.4 Preparation of extracts 
Cells on filters were extracted with 4 mL of methanol, vortex-mixed for 30 seconds by MS2 
Minishaker (IKA Labortechnik, Staufen, Germany) and sonicated for 30 minutes in an 
ultrasonic bath. The mixture was centrifuged at 3,000 rpm for 10 minutes using a Jouan MR 23i 
centrifuge (Thermo Fisher Scientific Inc., Waltham, MA, USA) and the supernatant was 
EFDBOUFEBOEUIFOGJMUFSFEUISPVHIϪNOZMPONFNCSBOFTZSJOHFGJMUFST5IJTQSPDFEVSFXBT
repeated twice. The extracts were combined, evaporated under nitrogen flow and made up to a 
final volume of 1 mL with methanol. 
 
For shellfish samples, a triple-step extraction with methanol (10 mL) was performed on whole 
homogenated tissues (1 g) according to the procedure proposed by Gerssen et al[37] which was 
also validated intra-laboratory by our group [38]. Analytical balance Sartorius 1702 (Goettingen, 
Germany), a vortex-mixer MS2 Minishaker (IKA Labortechnik, Staufen, Germany) and a 
centrifuge Jouan MR 23i (Thermo Fisher Scientific Inc., Waltham, MA, USA) were used. Crude 
extracts were filtered througIQPMZUFUSBGMVPSPFUIZMFOF	15'&
ϪNNFNCSBOFTZSJOHFGJMUFST
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
58    Chapter 4 
 
The alkaline hydrolysis of the samples was performed according to the EURLMB SOP [39] 
based on the protocol developed by Mountfort et al. [40].  
For toxin desorption from SPATT devices, the resin was removed, washed with ultrapure water 
and filtered under vacuum. Then the resin was extracted twice with methanol 100% in a 
solvent:resin ratio of 8:1 mL/g of resin. Finally, the two methanolic extracts were combined and 
evaporated, and the dry extract was dissolved in 5 mL of 100% methanol previous to LC-MS 
analyses.  
4.2.5 Standards and chemicals 
Certified reference standard solutions were purchased from the Institute for Marine Bioscience 
of the National Research Council (NRC) from Halifax (Canada): okadaic acid (OA, 14.3 ± 1.5 
µg/mL), yessotoxin (YTX, 5.3 ± 0.3 µg/mL), pectenotoxin-2 (PTX2, 8.6 ± 0.3 µg/mL), 
azaspiracid-1 (AZA1, 1.24 ± 0.07 µg/mL), 13-desmethyl spirolide-C (SPX1, 7.0 ± 0.4 µg/mL, and 
gymnodimine-A (GYMA, 5.0 ± 0.2 µg/mL).  
 
Certified reference standard solutions for dinophysistoxin-1 (DTX1) and dinophysistoxin-2 
(DTX2) were not available, thus a sample of mussel (Mytilus galloprovincialis) naturally 
contaminated with OA, DTX1 and DTX2 from the inter-laboratory proficiency test for 
lipophilic toxins organized by the EURLMB in 2010 was used as a reference of retention times. 
Okadaic acid C8 diol ester (CAS 318536-96-8) was purchased from Marbionc (Wilmington, 
North Carolina, USA).  
 
Acetonitrile (ACN) hypergrade for LC-MS, acetic acid and methanol gradient grade for HPLC 
were purchased from Merck (Darmstadt, Germany). Ammonium hydroxide solution (ȴJO
H2O, eluent additive for LC-MS) and LC-MS grade water was purchased from Sigma-Aldrich 
(Steinheim, Germany). Ultrapure water was obtained through a Milli-Q purification system 
(resistivity >18 MW•cm) from Millipore (Bedford, MA).  
4.2.6 Analysis by LC-ESI-MS/MS 
Toxins were separated on a Waters X-BridgeTM C8 column (guard column 2.1 x 10 mm2ϪN
particle size, column 2.1 x 50 mm2ϪNQBSUJDMFTJ[F8BUFST.JMGPSE."64"
5IJT
analytical column was ethylene-bridged hybrid (BEH), designed to work on a wide range of pH 
between 1 and 12.  
 
Chromatographic separation was performed on an Agilent 1200 LC system (Agilent 
Technologies, Santa Clara, CA) consisting of a binary pump (G1312B), four channel degasser 
(G1379B), thermostated low carry-over autosampler (G1367C + G1330B), and column oven 
(G1316B). Alkaline mobile phases (pH 11) were prepared according to Gerssen et al. [37, 41]: 
mobile phase A consisted of 6.7 mM of ammonia in ultrapure Milli-Q water; mobile phase B 
consisted of 6.7 mM of ammonia in 90/10 v/v ACN/Milli-Q water. Mobile phases were filtrated 
UISPVHIϪNOZMPO-membrane. Chromatography of lipophilic toxins under alkaline pH was 
validated in out laboratory and provided better sensitivity for okadaic acid than other 
chromatographic conditions tested [38]. 
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The column oven temperature was set at 30 °C and the flow rate was 0.5 mL/min. The elution 
gradient was optimized [38] and started at 20% mobile phase B (mpB), reached 100% mpB in 8 
minutes, held for one minute, then back to 20% mpB in 0.5 minutes and equilibrated for 2.5 
minutes before the next run started. The diverter valve was programmed to deliver the eluent 
GSPNDPMVNOUPXBTUFGPSUIFGJSTUNJOBOEUIFJOKFDUJPOWPMVNFϪ-5IFTBNQMF
compartment was set at 4 ºC. The needle was washed with methanol in the flush port of the 
autosampler before every injection to avoid carryover. 
 
We used a hybrid triple quadrupole linear ion trap 3200QTrap® mass spectrometer (MS) 
equipped with a TurboVTM electrospray ion source (Applied Biosystems, Foster City, CA) 
operating at atmospheric pressure and in negative and positive ionization mode with the 
following parameters: curtain gas 20 psi, collision gas 4 (arbitrary units), ion spray voltage 
5500V, temperature 500 ºC, nebulizer gas 50 psi, heater gas 50 psi, interface heater On. The MS 
was operated in the multiple reaction monitoring (MRM) mode and resolution of the 
quadrupoles was set at unit.    
Table 4-1 shows a summary of the MS/MS settings for lipophilic toxins quantification, while a 
more comprehensive MRM list including all regulated lipophilic toxins was used for screening 
(Sup. Mat. Table 4-1 and García-Altares et al. [38]). The MS/MS conditions were based on the 
recommended values in the EURLMB SOP (European Union Reference Laboratory for Marine 
Biotoxins – Standardized Operation Protocol) [39] for a 3200 QTRAP® mass spectrometer. 
Analyst software v1.4.2 was used for the entire MS tune, instrument control, data acquisition 
and data analysis. 
 
We checked in every batch the quality control criteria stated by the EURLMB SOP [39] 
regarding resolution, limits of quantification (LOQs) and linearity. The correlation coefficients 
of the quantification curves had to be greater than 0.98 to ensure linearity and the deviation of 
the slopes between consecutive calibration curves has to be lower than 25% to be considered as 
acceptable, as requested in the EURLMB SOP [39].  
 
The intermediate precision was expressed as the relative standard deviation (RSD in %) and 
could not exceed 16% among the injection replicates.  
 
The external standard calibration curves were prepared in methanol (LC-MS grade) from an 
initial multi-toxin stock solution of 200 ng/mL of OA, PTX2, SPX1, GYMA and AZA1, and 
1000 ng/mL of YTX. The calibration curves had six levels in the range of 2.5 to 40 ng/mL of OA, 
PTX2, SPX1, GYMA and AZA1 and 10 to 160 ng/mL of YTX. A preliminary screening was 
performed before accurate calibration, since concentration of OA and PTXs in several samples 
was expected to surpass the calibration curve. When the estimated concentration of OA and/or 
PTX2 in the samples was comprised between 40 ng/mL and 120 ng/mL in the extract, the 
samples were diluted to fall into the calibration range. On the other hand, samples exceeding 
three times the concentration of the most concentrated calibration level were diluted and 
quantified with a different calibration curve with five levels in the range of 10 to 200 ng/mL of 
OA and PTX2. For quantification, samples were injected in the two polarity modes (+ESI and –
ESI): shellfish samples were injected in duplicate, while SPATT samples and phytoplankton 
concentrated in filters were injected in triplicate. Samples were quantified against the external 
standard calibration curves (less squared adjustment of the linear regression using peak area). 
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Table 4-1. Transitions monitored, dwell times, declustering potentials (DP), entrance potentials 
(EP), collision cell entrance potentials (CEP) and collisions energies (CE) for the detection of 
marine lipophilic toxins. 
Toxin 
Transitions 
(m/z) 
Time 
(ms) DP (V) EP (V) CEP (V) CE (V) Precursor ion 
OA and 
DTX2 
803.5 > 255.2 150 -115 -12 -46 -64 
[M-H]- 
803.5 > 113.1 150 -115 -10.5 -41 -68 
DTX1 
817.5 > 255.2 150 -115 -12 -46 -64 
[M-H]- 
817.5 > 113.1 150 -115 -10.5 -41 -68 
PTX2 and 
7-epi-PTX2 
876.5 > 213.3 150 50 10 35 50 
[M+NH4]+ 876.5 > 823.5 150 50 10 35 50 
PTX2-sa 
and 7-epi-
PTX2-sa 
894.5 > 213.3 150 50 10 35 50 
[M+NH4]+ 894.5 > 823.5 150 50 10 35 50 
 
4.2.7 Analysis of diol-esters 
Analysis of okadaic acid diol esters in plankton net-haul samples devices was performed 
according to an adapted method based on Fux et al.[42], optimized in our system using (non-
certified) OA C8-diol ester reference material. The same chromatographic column (Waters X-
BridgeTM C8 2.1 x 50 mm2ϪNQBSUJDMFTJ[F
XJUIPVUHVBSEDPMVNOXBTVTFEGPSUIJTNFUIPE
kept at 40 ºC and eluted with 0.25 mL/min of ACN and LC-MS grade water with 0.1% acetic 
acid in gradient mode as proposed in Fux et al. 2011 (30% ACN in t = 0 min; 100% ACN in t = 9 
min and kept until t = 12 min, re-equilibration until t = 21 min). Okadaic acid diol esters were 
monitored (MRM) in positive mode using their sodium adduct [M+Na]+ as precursor, since it 
was the most abundant ion in enhance ion scan mode when analyzing OA and OA C8-diol ester 
reference materials. Transition ions of 723 and 443 m/z where selected after analyzing OA and 
OA C8-diol ester in product ion scan mode, and checking their coherence with the published 
fragmentation pattern of OA using sodium adduct as precursor [43] (Sup. Mat. Figure 4-1). 
Precursor ions for the diol-esters of OA were 923, 937, 951, 965 and 979 m/z, corresponding to 
the unsaturated C6 to C10 diols respectively. Nebulizer gas was nitrogen heated at 450 ºC, de-
clustering potential was 110 V and collision energy was 80 V.  
4.3 Results 
4.3.1 Diarrhetic shellfish poisoning (DSP) toxins in phytoplankton samples 
4.3.1.1 Dinophysis bloom description 
Between mid-December 2011 and end-March 2012, a fluctuating Dinophysis bloom spread out 
all across Alfacs Bay (Figure 4-2), reaching maximum abundance in the sampling point located 
in Interior Alfacs (IA, see Figure 4-1). In this station (Figure 4-3), Dinophysis abundance 
surpassed the alert level (500 cells/L) during 40 days, peaking three times on 27th December 2011 
(2200 cell/L), 30th January 2012 (1920 cell/L) and 6th March (1200 cell/L), and returning to 
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abundances below the alert level between peaks. This station has been chosen as a reference in 
this study to compare toxins dynamics with Dinophysis cell abundances to simplify the analysis.  
 
Figure 4-2. Sum of Dinophysis sacculus and D. caudata in the water column (cell/L) in all 
sampling stations in Alfacs Bay. Flat black line indicates alert level used for monitoring purpose 
(500 cell/L). 
 
Figure 4-3. Abundance of Dinophysis in the water column (cell/L) in the sampling station Interior 
Alfacs (IA). Discontinuous line indicates alert level used for monitoring purpose (500 cell/L). 
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The bloom was dominated by Dinophysis sacculus in all sampling stations (Sup. Mat. Figure 4-2 
A to G), and during some periods it was the only species recorded. In IA sampling station, D. 
caudata accounted for 50% of the Dinophysis population at the beginning of the bloom and it 
made 30% of the population in December 2011, but almost vanished later on. Other Dinophysis 
species investigated were not recorded or found very rarely at very low abundances. In the rest 
of sampling stations, the species pattern was very similar (Sup. Mat. Figure 4-2 A to G). 
4.3.1.2 DSP toxins in net-haul samples 
 
Figure 4-4. Concentration per cell (pg/cell) of okadaic acid (OA) and pectenotoxin-2 (PTX2) in 
net-haul phytoplankton samples collected at Buoy Alfacs (BA) sampling station. Continuous 
grey line indicates total abundance of Dinophysis in the water column (cell/L) in Interior Alfacs 
(IA), discontinuous line indicates alert level used for monitoring purpose (500 cell/L). 
Samples of Dinophysis from vertical net-hauls were used to determine toxin profiles and 
quantify toxins (Figure 4-4). However, cell toxicity related to most samples could not be 
calculated because phytoplankton quantification was not always analysed at this station. Net-
haul samples only contained OA and PTX2. Concentration of PTX2 (in pg/cell) was higher than 
OA in most cases, but the ratio between both toxins was not constant. Total toxin content (sum 
of OA and PTX2 concentration) per cell was always lower than 8 pg/cell.  
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4.3.1.3 DSP toxins in phytoplankton concentrates in filters 
 
Figure 4-5. Concentration per cell (pg/cell) of okadaic acid (OA) and pectenotoxin-2 (PTX2) for 
Dinophysis from filtered water collected in several locations at Interior Alfacs (IA), Central Alfacs 
(CA) and the mussel rafts. Samples with concentrations between limit of detection and limit of 
quantification were represented at 0.01 pg/cell. Continuous grey line indicates total abundance 
of Dinophysis in the water column (cell/L) in Interior Alfacs (IA), discontinuous line indicates 
alert level used for monitoring purpose (500 cell/L).  
Phytoplankton concentrates from filters only contained OA and PTX2. Concentration of DSP 
toxins per cell during the Dinophysis bloom were variable, ranging from 2 to 461 pg OA/cell and 
1 to 668 pg PTX2/cell. Cell quotas showed a positive tendency with time, for both OA and PTX2 
(Figure 4-5).  
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4.3.2 Diarrhetic shellfish poisoning (DSP) toxins in shellfish samples 
4.3.2.1 DSP toxins in Mediterranean mussels 
 
Figure 4-6. Concentration (µg/kg) of total okadaic acid (OA) and pectenotoxin-2 (PTX2) in 
mussels collected in several racks in Alfacs Bay. Samples with OA concentration between limit 
of detection and limit of quantification were represented at 25 µg/kg. Grey line indicates total 
abundance of Dinophysis in the water column (cell/L) in Interior Alfacs, discontinuous line 
indicates alert level used for monitoring purpose (500 cell/L, right y-axis) and maximum 
permitted level of OA and PTX2 in bivalves (160 µg/kg, left y-axis).  
The concentration of total OA (after hydrolysis) in mussels (Figure 4-6) reached 592 µg/kg 
tissue on 15th February 2012, and surpassed the MPL for 50 days, in two periods: between 19th 
and 30th January 2012, and between 8th February and 8th April 2012. Pectenotoxin-2 in mussels 
was detected at low concentration during practically the whole bloom, but never reached 
concentrations above MPL, with maximum values of 61 µg PTX2 total/kg on 8th February 2012. 
Pectenotoxin-2sa was not detected. 
 
The first mussel samples showing DSP toxins were collected on 27th December 2011, 
simultaneously to the maximum of Dinophysis cell abundance in the water column, 
approximately a week after Dinophysis abundance surpassed the alert level (500 cell/L). Okadaic 
acid accumulated in mussels until it overcame the MPL in January 2012, but later it decreased 
below the MPL. During that period, Dinophysis abundance had decreased from 2220 cell/L to 
less than 100 cell/L.  
 
However, Dinophysis abundance peaked again at the end of January 2012, and okadaic acid 
concentration in mussels increased until its maximum in mid-February 2012, remaining above 
MPL until April 2012. Dinophysis abundance had decreased below the alert level two weeks 
before, in mid-March 2012. Okadaic acid was still detected in mussels collected in May 2012.  
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4.3.2.2 DSP toxins in Pacific oysters 
 
Figure 4-7. Concentration (µg/kg) of total okadaic acid (OA) and pectenotoxin-2 (PTX2) in 
oysters collected in several racks in Alfacs Bay. Samples with OA concentration between limit 
of detection and limit of quantification were represented at 5 µg/kg. Grey line indicates total 
abundance of Dinophysis in the water column (cell/L) in Interior Alfacs, discontinuous line 
indicates alert level used for monitoring purpose (500 cell/L, right y-axis) and maximum 
permitted level of OA and PTX2 in bivalves (160 µg/kg, left y-axis).  
The concentration of DSP in oysters (Figure 4-7) did not surpass the MPL at any point of the 
bloom. Maximum concentrations of OA and PTX2 were very similar: 49 µg OA/kg on 26th 
March and 52 µg PTX2/kg on 23rd February 2012.  
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4.3.3 Diarrhetic shellfish poisoning (DSP) toxins in solid phase adsorbing toxin 
tracking (SPATT) devices  
 
Figure 4-8. Concentration (ng/g resine•day) of okadaic acid (OA), pectenotoxin-2 (PTX2) and 
pectenotoxin-2 seco-acid (PTX2sa) in SPATT devices collected in in Alfacs Bay (Interior Alfacs 
sampling station). Grey line indicates total abundance of Dinophysis in the water column (cell/L) 
in Interior Alfacs, discontinuous line indicates alert level used for monitoring purpose (500 
cell/L). 
The concentration of DSP toxins in SPATT devices (Figure 4-8) seems to follow the pattern of 
Dinophysis cell abundance. Okadaic acid and PTX2 reached a maximum of 94 ng/g resine·day 
and 42 ng/g resine·day respectively on the 9th January 2012, approximately two weeks after the 
maximum of Dinophysis cell abundance in the water column. Both toxins peaked twice in the 
following months, with a similar trend as Dinophysis cell abundance but with a two weeks lag. 
Okadaic acid was always found at a higher concentration than PTX2, as in shellfish samples and 
contrary to phytoplankton samples. The shellfish metabolite PTX2-sa was also present, always at 
lower concentration than PTX2 (maximum 7 ng PTX2-sa/g resine·day on 27th February 2012).  
4.4 Discussion 
The interpretation of data about toxin profiles and toxin concentrations in the different 
compartments of the ecosystem must be based on a comprehensive methodology [18]. In this 
work, we applied comparable sampling, extraction protocols and analytical methods to study 
DSP toxin dynamics in three compartments of the pelagic ecosystem: phytoplankton, bivalve 
molluscs and the water column.  
 
Quantitative and qualitative toxin profiles in phytoplankton were studied in two types of 
samples: vertical net-hauls and concentrates in filters. Net-hauls concentrate a great amount of 
phytoplankton biomass, leaving out dissolved organic matter and particles smaller than 20 µm, 
and allowing the detection of minor toxins that may be present, although it is a semi-
quantitative approach because clogging of the net could be a source of error for phytoplankton 
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quantification. Phytoplankton concentrates in filters, on the other hand, include all particles 
larger than 0.45 µm in a precise volume of water. Both approaches are possible when blooms are 
mono-specific or largely dominated by one species, like in this case, because toxins can be 
directly linked to the dominant Dinophysis species.   
 
The two main species of bivalve molluscs cultured in Alfacs Bay, Mediterranean mussels and 
Pacific oysters, where included in this study to compare their potential to accumulate DSP 
toxins, and assess the usefulness of preventive bans on oyster harvesting during Dinophysis 
blooms.  
 
Free toxins in the water column were monitored with SPATT devices, which concentrate toxins 
in situ for a period of time [23, 44]. Thus, SPATT devices do not only give a snapshot of the 
situation, but integrate information of the whole system during the week previous to the 
sampling. Lipophilic toxins retained in the resins can come from phytoplankton, from shellfish 
(released metabolites through pseudo-feces), or from re-suspended solids from the bottom. 
Also, they may inform about the persistence of toxins in the water column after the bloom has 
disappeared.  
4.4.1 Diarrhetic shellfish poisoning (DSP) toxins in phytoplankton samples 
Blooms of D. sacculus are a recurrent problem Ebro Delta bays, being the main responsible for 
DSP toxicity in our seafood production areas [2]. Our results are in line with the qualitative 
toxin profile determined by LC-MS and with estimations by cell-based assays [2]. In those 
previous studies on D. sacculus from Alfacs Bay, OA concentration in D. sacculus cells was 
estimated (by neuroblastoma cell N2a) to be 17.75 pg/cell, and PTX2 was detected but not 
quantified. The only toxin profile reported of cultured D. sacculus, isolated in Galician Northern 
Rías (NW Spain), had a similar concentration of OA per cell (7.8 pg/cell), but PTX2 was the 
main toxin (13.2 pg/cell), and DTX1 was also present at trace amounts [45]. Pectenotoxin-2 is in 
many cases the most abundant toxin in Dinophysis culture profiles [18], although ratios between 
free OA and PTX2 can be variable and random, as found in net-haul samples of D. acuta in a 
24-h study during a bloom [46]. Therefore, it has been suggested that OA&DTXs and PTXs 
production and release mechanisms may be controlled by different regulators, which could 
imply that they are associated with different biological roles [18]. Dynamic trends of production 
and excretion of DSP toxins among Dinophysis species are still not well known, and they have 
not been evaluated yet in D. sacculus cultures. 
 
Net-haul samples of phytoplankton have the potential to collect a high phytoplankton biomass, 
which facilitates the detection of complete toxin profiles, including minor toxins. However, in 
our case, only OA and PTX2 were detected. Total toxin per cell of OA and PTX2 (always below 
8 pg/cell) were lower than the toxin quotas estimated previously by neuroblastoma cell N2a 
during other D. sacculus blooms (17.75 pg/cell), although problems in the sampling did not 
allow us to obtain accurate cell abundances at this station for most of the samples. Nevertheless, 
according to these preliminary results, toxin content per cell seems to be inversely related to 
Dinophysis cell abundance. Other studies also have reported low toxin content per cell at 
maximum Dinophysis cell abundances, and rising toxin quotas when abundance declines [19, 
20]. This inverse relationship between toxin quota and cell abundance has not been definitively 
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explained yet, but it has been hypothesized to be related to the bacterial “quorum sensing” 
mechanisms [20], a chemical mediated systems that enable cells to monitor their own 
population abundance [47]. Higher division rates during blooms, which could lead to decreased 
accumulation of toxins in cells, could also explain this inverse relationship between toxin quota 
and cell abundance. 
 
Cell quotas of OA and PTX2 estimated from phytoplankton concentrates were found to be 
extremely variable, and showed an increasing tendency towards the end of the bloom. This is in 
line with other studies that claimed that toxin content of Dinophysis species may have an 
important seasonal and interanual variability (up to an order of magnitude), as shown for D. 
acuminata, D. acuta, D. caudata and D. rotundata isolated in Galicia (NW Spain) between 2002 
and 2007 [24]. However, other studies comparing toxin quotas estimated in picked cells and 
phytoplankton concentrates, and model simulations with SPATT devices, suggested that the 
determination of toxin content per cell from plankton concentrates may be overestimated, since 
most of the toxins detected in plankton concentrates are those adsorbed by detritus and 
dissolved organic matter [19, 24]. This hypothesis would explain the estimated cell contents of 
Dinophysis up to 180 pg PTX2/cell found by Pizarro et al. [24] and our results of 668 pg 
PTX2/cell. According to this explanation, it would be expected that the amount of detritus and 
organic matter dissolved would be higher at the end of the bloom, when Dinophysis cells are 
decaying. In line with our results, we agree that cell quotas estimated from single picked cells 
may provide more accurate information about DSP toxins production in Dinophysis 
populations. However, even when toxin content was estimated from picked cells, an inverse 
relationship between Dinophysis abundances and toxin quotas per cell has been reported [19], 
and our results also show this tendency.  
 
The inverse relationship between total toxin content in cells and Dinophysis abundance may 
have important consequences on monitoring strategies. The decisive factor for DSP toxicity in 
mussels is the product of cell abundance and cell toxicity [20], thus the alert level of 500 cell/L 
might be irrelevant for public health protection if the cells produce enough DSP toxins to cause 
shellfish toxicity at lower abundances. In our case, the Dinophysis bloom presented three 
consecutive peaks that decreased in number of cells per liter, but had increasing cell toxicity 
(according to phytoplankton concentrates), coincidentally with higher content of DSP toxins in 
mussels. Therefore, the measurement of toxin content in phytoplankton concentrates may be a 
better predictor of mussel toxicity than cell abundances. Nevertheless, the monitoring strategy 
of IRTA, based on the alert threshold of 500 cell/L and toxin evaluation in mussels, has been 
proven to be protective enough, since no cases of human poisoning have been reported by the 
local public health administrations.  
 
It is worth noting that cell quotas of OA and PTX2 estimated from phytoplankton concentrates 
were up to two orders of magnitude higher than estimations from net-haul samples, which did 
not show overestimation in toxin cell quotas. Net-haul samples do not concentrate dissolved 
organic matter, and since most toxins are usually found in the dissolved fraction rather than 
inside the cells in Dinophysis cultures [18], this sampling method may be an alternative to 
estimate more accurate total toxin content per cell in mono-specific blooms.  
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Okadaic acid diol esters (C6 to C10) were not detected in any net-haul plankton sample or 
plankton concentrates from filters. These phytoplankton metabolites of OA have never been 
described in D. sacculus samples, so it could be the case that this species does not produce diol 
esters, or if it does produce them, these could be different metabolites (e.g., different chain 
length). In fact, it is been suggested that OA diol esters production may be different among 
Dinophysis species [48]. However, we realized that the applied method for OA diol esters was 
approximately ten times less sensitive than the method based on alkaline mobile phase 
implemented in our group to determine OA [38], therefore we cannot discard the presence of 
C6 to C10 diol esters of OA below the limit of detection (approximately 25 ng/mL). 
Nevertheless, this would be unexpected since OA diol esters were the main toxins in field 
samples of D. acuta [48] and D. acuminata from cultures [49]. The determination of OA in 
negative ionization mode is based on the deprotonation of its carboxylic acid group, which is 
stimulated by the alkaline pH of the mobile phase. However, the carboxylic acid in OA is 
involved in the formation of the diol ester, thus these analogs need to be analysed in positive ion 
mode, even assuming the lost in sensitivity.  
4.4.2 Diarrhetic shellfish poisoning (DSP) toxins in shellfish samples 
Two regulatory closures of the bay for bivalves harvesting were established for this bloom 
according to MBA results from 12th January 2012 to 12th April 2012, and were only interrupted 
during two weeks (20th January to 2nd February 2012). In total, the bay was closed for 78 days for 
mussels.  However, since MBA results were never positive for oyster samples, governmental 
agents decided to cancel the ban of oysters harvesting in one week, on 16th January and 9th 
February 2012. Therefore, the oyster harvesting was only prohibited only for 15 days.  
 
The first Dinophysis abundance peak leaded to DSP toxin concentration above MPL in mussels 
about two weeks later, which is coherent with previous research: maximum DSP concentrations 
in bivalves usually have around two to three weeks lag after a peak of Dinophysis abundance, as 
reported for D. acuminata blooms [22] and D. fortii [50], although this may depend on the 
hydrology and meteorology of the site.  
 
Nevertheless, we found the maximum DSP concentration in mussels almost two months after 
the maximum concentration of Dinophysis cells in the water column. We suggest that 
Dinophysis abundance dynamics peaking three consecutive times in four moths made DSP toxin 
concentration to build up in mussels: the elimination rate of DSP toxins would have been much 
slower than their accumulation rate, since there was a recurrent input of Dinophysis cells in the 
water available for mussels to feed. Moreover, it is worth noting that most levels of toxins in 
shellfish above the regulatory level occurred during the period when the highest content of 
toxins in phytoplankton concentrates in filters occurred (mid-January to end of March) (Figure 
4-5 and Figure 4-6). Increasing D. sacculus cell toxicity towards the end of the bloom may have 
caused the delay of the maximum peak of DSP concentration in shellfish.  
 
In our study, oysters and mussels showed a very distinct behavior in the accumulation of DSP 
toxins, which is in line with common observations that, for the same Dinophysis-related toxicity 
event, DSP concentrations in mussels are much higher than in oysters. This has been proven for 
blue mussels and European oysters (Ostrea edulis) exposed to a D. acuta bloom for four weeks 
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[51], where OA concentration was found to be 10 to 50 times higher in mussels than in oysters. 
In that study, pectenotoxins concentration was slightly higher in mussels than in oysters, but the 
elimination rate for PTXs was quite fast for both species. Besides, oysters were found to 
accumulate OA mainly in esters form, which were eliminated faster than in mussels. However, 
the authors attributed the differences in toxin profiles between mussels and oysters to 
differential ingestion and biotransformation processes. In fact, European oysters were shown to 
ingest and retain less Dinophysis cells than blue mussels during a field experiment in the 
Adriatic Sea [52]: D. fortii was the most abundant phytoplankton species in the stomach content 
of mussels, and also D. caudata and D. rotundata were present. In oyster stomachs, D. fortii was 
only found in small numbers, and other Dinophysis species were not present at all. These results 
highlight the fact that C. gigas does not accumulate DSP toxins; therefore it is not a good 
sentinel species to study HABs toxic events. Thus, the status of shellfish for human consumption 
defined by blue mussels is not suitable for other species with different uptake and/or depuration 
dynamics, which may result in a negative impact for the aquaculture development of a particular 
shellfish species, such as European oysters. 
 
Pectenotoxin-2 concentration in shellfish samples was in general lower than OA concentration, 
although we observed the opposite trend in phytoplankton samples. This is probably due to the 
slower elimination kinetics of OA&DTXs compared to PTXs [22]. Pectenotoxin-2 is 
metabolized to PTX2-sa in mussels [53], and rapidly eliminated [22]. However, we did not find 
PTX2-sa in shellfish samples. The causes explaining this fact could be the elimination rate of 
PTX2-sa being faster than its conversion rate from PTX2, or the possible lowest sensitivity of the 
analytical method for PTX2-sa than for PTX2.  
 
Moreover, pectenotoxins and OA&DTXs have been observed to have different 
production/release dynamics [46]. In cultures of D. acuminata and D. fortii, the excreted cellular 
OA&DTXs represented about 80% of the total amount, while most PTX2 was found inside 
Dinophysis cells and less than 5% was excreted [54]. This difference in excretion tendencies 
between OA&DTXs and PTX2 may contribute to explain why PTX2 is very abundant in 
phytoplankton samples but a minor component of toxin content in bivalves and SPATT devices.  
4.4.3 Diarrhetic shellfish poisoning (DSP) toxins in solid phase adsorbing toxin 
tracking (SPATT) devices  
Since SPATT devices were proposed as an early warning system for harmful dinoflagellate 
blooms [23], several studies have assessed their suitability to become a monitoring tool. Some 
studies found that SPATT devices forecasted toxicity in mussels in advance [23, 55], but others 
pointed out that the accumulation in SPATT devices and mussels occurred almost 
simultaneously or with only a few days of difference [24, 56]. Their suitability may be case 
specific, depending on the hydrology and meteorology of the monitoring area [44].  
 
In our case, SPATT devices showed that DSP toxins were present in the water column at 
considerable concentrations from December 2011 to March 2012, and their concentration in 
SPATTs reflected quite well the fluctuating dynamics of cell abundances. Interestingly, the 
concentration of OA in resins remained at the baseline until two weeks after the first peak of 
Dinophysis cell abundance, when OA concentrations in resins rose steeply (Figure 4-8). By that 
point, mussels started to accumulate DSP toxins over the MPL, but their concentration did not 
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reach its maximum until a month later (Figure 4-7). Thus, although SPATTs would have not 
provided a much earlier sign of shellfish toxicity as the collected bivalves themselves, abrupt 
changes in DSP concentrations in SPATTs may inform about the potential magnitude of the 
toxic bloom. Further studies on the relationship between the accumulation rate of DSP toxins in 
SPATT devices and mussels in Alfacs Bay may contribute to optimize protocols to use SPATT 
devices as early warning systems.  
 
The presence of PTX2-sa, a metabolite of mussels, in SPAT devices has been reported before 
[55, 56]. Its origin may come from mussel feces of surrounding rafts, or from enzymatic 
transformations of PTX2 released from broken Dinophysis cells [46].  
 
4.5 Conclusions 
The current work provides a comprehensive study on Dinophysis sacculus blooms in a 
Mediterranean enclosed bay. It included the analysis by LC-MS/MS of field samples of shellfish, 
plankton aggregates and SPATT devices, to understand the dynamics of DSP toxins from its 
production and release by D. sacculus until its excretion and depuration by mussels and oysters. 
Our results confirmed previous studies about toxin profiles of D. sacculus in our study area,  and 
showed that PTX2 is usually the main toxin produced by D. sacculus in Alfacs Bay. Cell toxicity 
quotas measured in phytoplankton concentrates in filters were largely overestimated, likely due 
to the DSP toxins adsorbed to organic matter, while estimations from net-haul samples are 
comparable to those reported in other studies for D. sacculus. Mussels accumulated DSP toxins, 
mostly OA, with concentration values above the maximum permitted levels for more than 78 
days, and reaching maximum concentrations of 592 µg of OA equivalents/kg tissue (3.7 times 
the MPL [3]). Pectenotoxins were also accumulated but at much lower concentrations. Oysters, 
on the contrary, did not accumulate toxins over the maximum permitted level set by the 
European Union. The accumulation of DSP toxins in SPATT devices followed the Dinophysis 
abundance trends in the water column and kept the same qualitative toxin profile as shellfish 
samples, thus the use of passive samplers has been confirmed in this study as a valuable 
qualitative research tool to study toxins during Dinophysis blooms.  
A better knowledge about Dinophysis blooms helps to optimize the monitoring programs to 
protect public health. The suitability of the strategy at IRTA, based on the cell counting of 
Dinophysis in the water column to raise an “alert” protocol when abundance surpasses 500 
cell/L, has been proven to be an effective method to protect public health. However, in 
agreement with other studies, our results suggest that total toxin content may increase at the end 
of the bloom when Dinophysis abundance decline, thus the risk of shellfish toxicity can persist 
even when cell abundance is below the 500 cell/L threshold. This work set the basis for further 
investigation aimed at linking phytoplankton monitoring and toxicity in shellfish, which will 
improve monitoring efforts and eventually will provide dynamic forecasting models, relevant for 
stakeholders of the aquaculture sector. 
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Supplementary Materials 
 
Sup. Mat. Table 4-1. Transitions monitored, dwell times, declustering potentials (DP), entrance 
potentials (EP), collision cell entrance potentials (CEP) and collisions energies (CE) for the 
screening of marine lipophilic toxins. 
Toxin Transitions (m/z) Time (ms) DP (V) EP (V) CEP (V) CE (V) Precursor ion
803.5 > 255.2 150 -115 -12 -46 -64
803.5 > 113.1 150 -115 -10.5 -41 -68
817.5 > 255.2 150 -115 -12 -46 -64
817.5 > 113.1 150 -115 -10.5 -41 -68
1141.5 > 855.2 150 -60 -9 -54 -90
1141.5 > 713.2 150 -60 -9 -54 -106
570.4 > 467.4 150 -75 -9 -54 -30
570.4 > 396.4 150 -75 -9 -54 -30
1157.5 > 855.2 150 -60 -9 -54 -90
1157.5 > 713.2 150 -60 -9 -54 -106
578.4 > 467.4 150 -75 -9 -54 -30
578.4 > 396.4 150 -75 -9 -54 -30
1155.5 > 869.2 150 -60 -9 -54 -90
1155.5 > 727.2 150 -60 -9 -54 -106
577.4 > 474.4 150 -75 -9 -54 -30
577.4 > 403.4 150 -75 -9 -54 -30
1171.5 > 869.2 150 -60 -9 -54 -90
1171.5 > 727.2 150 -60 -9 -54 -106
585.4 > 474.4 150 -75 -9 -54 -30
585.4 > 403.4 150 -75 -9 -54 -30
692.5 > 444.2 150 86 7 30 45
692.5 > 426.3 150 86 7 30 45
508.4 > 202.4 150 60 8.5 25 55
508.4 > 392.4 150 60 8.5 25 55
508.4 > 490.4 150 60 8.5 25 55
876.5 > 213.3 150 50 10 35 50
876.5 > 823.5 150 50 10 35 50
892.5 > 213.3 150 50 10 35 50
892.5 > 821.5 150 50 10 35 50
894.5 > 213.3 150 50 10 35 50
894.5 > 823.5 150 50 10 35 50
842.5 > 362.3 150 75 12 40 70
842.5 > 462.5 150 75 12 40 70
856.5 > 362.3 150 75 12 40 70
856.5 > 462.5 150 75 12 40 70
828.5 > 362.3 150 75 12 40 70
828.5 > 448.5 150 75 12 40 70
OA and DTX2 [M-H]-
DTX1 [M-H]-
YTX [M-H]-
YTX                
under pH 11 [M-2H]
2−
45-OHYTX [M-H]-
45-OHYTX              
under pH 11 [M-2H]
2−
homoYTX [M-H]-
homoYTX            
under pH 11 [M-2H]
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A)  
 
Sup. Mat. Figure 4-1. Product ion spectra of certified standard of A) okadaic acid (NRC) and B) 
C8-diol ester of okadaic acid (non-certified, Marcbion). Precursor ions were 827.6 m/z (OA) and 
951.47 (C8-OA). Nebulizer gas was nitrogen heated at 450 ºC, de-clustering potential was 110 
V and collision energy was 80 V. 
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G)  
Sup. Mat. Figure 4-2. A-G) Abundance of Dinophysis by species in the water column (cell/L) in 
all sampling stations in Alfacs Bay. Discontinuous line indicates alert level used for monitoring 
purpose (500 cell/L). Sampling stations are: A) Central Integrated Alfacs, B) Central Benthic 
Alfacs, C) Central Interior Alfacs, D) Central Surface Alfacs, E) Exterior Alfacs, F) Interior 
Alfacs, G) Port Alfacs. 
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5 Confirmation of pinnatoxins and spirolides in shellfish and 
passive samplers from Catalonia (Spain) by liquid 
chromatography coupled with triple quadrupole and High-
Resolution hybrid tandem Mass Spectrometry 
Confirmation of pinnatoxins and spirolides by HRMS 
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Abstract 
Cyclic imines are lipophilic marine toxins that bioaccumulate in seafood. Their structure 
comprises a cyclic-imino moiety, responsible for acute neurotoxicity in mice. Cyclic imines have 
not been linked yet to human poisonings and are not regulated in Europe, although the 
European Food Safety Authority requires more data to perform a conclusive risk assessment for 
consumers. This work presents the first detection of pinnatoxin G (PnTX-G) in Spain and 13-
desmethyl spirolide C (SPX-1) in shellfish from Catalonia (Spain, NW Mediterranean Sea). 
Cyclic imines were found at low concentrations (2 to 60 µg/kg) in 13 samples of mussels and 
oysters (22 samples analyzed). Pinnatoxin G has been also detected in 17 seawater samples (out 
of 34) using solid phase adsorption toxin tracking devices (0.3 to 0.9 µg/kg-resin). Pinnatoxin G 
and SPX-1 were confirmed with both low and high resolution (<2 ppm) mass spectrometry by 
comparison of the response with that from reference standards. For other analogs without 
reference standards, we applied a strategy combining low resolution MS with a triple 
quadrupole mass analyzer for a fast and reliable screening, and high resolution MS LTQ 
Orbitrap® for unambiguous confirmation. The advantages and limitations of using high 
resolution MS without reference standards were discussed. 
 
 
Keywords  
Spirolides; Pinnatoxins; Mediterranean Sea; Triple Quadrupole Mass Spectrometry; High 
Resolution Mass Spectrometry; Orbitrap FT-MS. 
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5.1 Introduction 
The group of emerging toxins called cyclic imines includes eight types of compounds produced 
by marine dinoflagellates: spirolides (SPXs, 13 desmethyl SPX-C, also known as SPX-1, being 
the reference toxin for this group), pinnatoxins (PnTXs, reference compound PnTX-G), 
gymnodimines (GYMs, reference compound GYMA), pteriatoxins (PtTXs), prorocentrolides, 
spiro-prorocentrimine[1, 2], symbioimines[3] and portimine [4]. They all share a cyclic imine 
group, which is extremely rare, that works as the pharmacophore [1, 2], as confirmed for the 
6,6-spiroimine in GYM-A [5]. Spirolides and pinnatoxins comprise more than twenty different 
analogs (Table 5-1) with a similar structure (Figure 5-1) characterized by the 6,7-spiro ring with 
an imine group and a spiro-linked polyether moiety [6]. 
 
Cyclic imines display a fast acute neurotoxicity in mice (by intraperitoneal injection) with an all-
or-nothing response (they cause death in less than 20 minutes, or no symptoms at all). They 
affect the central nervous system as a very potent and non selective antagonist of nicotinic 
receptors [1, 2]. The SPXs lacking the cyclic imine moiety and having a keto-amine instead 
(SPX-E and -F, Figure 5-1) do not trigger toxic responses in the mouse bioassay, therefore the 
spiroimine most likely drives the toxicity of the molecule. Moreover, the mechanism of action is 
the same for all studied cyclic imines [1, 2, 7] and the affinity of GYM-A and SPX-1 to bind 
several nicotinic receptors was proven to be comparable [8]. Nevertheless, other parts of the 
molecule also play a role in toxicity, since not all PnTXs and SPXs with a closed cyclic imine are 
equally potent [1, 2]. Besides, both reversible (for GYMs) and permanent binding (for SPXs) 
have been reported for different sub-classes of cyclic imines [9]. To date, there is still a lack of 
information on the chronic toxicity of cyclic imines. 
 
Until 2011, it was accepted that structurally related cyclic imines originated from different and 
genetically distant species of dinoflagelates: two species of the genera Alexandrium (A. 
ostenfeldii and A. peruvianum) produce SPXs [10, 11], Karenia selliformis produces GYMs [12], 
and Vulcanodinium rugosum produces PnTXs [13] and portimine [4]. In 2011, a culture of A. 
peruvianum isolated in North Carolina (USA) was found to produce SPX-1 and the novel 
gymnodimine analog 12-methyl GYMA [14]. This was the first time that a single strain was 
proved to produce two types of cyclic imines, but the biogenetic implications of this finding 
have not yet been established [15].  
 
Pinnatoxins were isolated for the first time from shellfish samples in Japan [16] in 1990. 
Recently, they have been found in Australia and New Zealand (up to 87 pg PnTX-G/cell of V. 
rugosum) [13, 17], and in Canada[18]. In Europe, the presence of PnTXs have been confirmed in 
shellfish and sea water samples from Norway (up to 115 µg/kg in shellfish tissue), together with 
SPXs [18]; and in shellfish and culture samples in France [19]. 
 
Spirolides were detected for the first time in 1995 in Canada in shellfish [6, 20] and plankton 
samples (54 pg SPX-1/cell on average) [10]. As explained in the last two comprehensive reviews 
on cyclic imines [1, 2], SPXs have been found in shellfish, plankton, and sea water samples in 
different parts of the world. In Europe, SPXs have been reported in Scotland [20], Norway and 
Denmark [21], France [22], Ireland [11], and Italy (3.7 pg/cell in A. ostenfeldii [23]). In 2006, 
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SPX-1 was detected and quantified (13 to 20 µg/kg) for the first time on the Atlantic coast of 
Spain, in samples from shellfish harvesting areas in the NW of the country [24]. Spirolides have 
also been found in Chile (over 6.78 µg/kg of shellfish tissue) [25], and in the USA (up to 195 
pg/cell of A. ostenfeldii in field samples and 78 pg/cell in cultures) [26]. 
 
The presence of cyclic imines in the Mediterranean Sea was confirmed in 2002, when GYM-A 
was found for the first time in clams from Tunisia [27]. Tunisian shellfish contaminated with 
gymnodimines was further studied, and the presence of its analogs (GYM-B and -C) was 
reported in 2010 (up to 1.29 mg GYM-A/kg [28]) and 2012 (over 2 mg GYMs/kg [29]).  
 
Spirolides were reported for the first time in the Mediterranean area in 2007 in mussels from the 
Italian coasts of the Northern Adriatic Sea, where they were the main contributor to toxicity and 
shown a very complex profile, including 13-desmethyl SPX-C, 13,19-didesmethyl SPX-C, 27-
hydroxy-13,19-didesmethyl SPX-C (unreported until then) and several new minor spirolides 
from which two of them (27-hydroxy-13-desmethyl SPX-C and 27-oxo-13,19-didesmethyl SPX-
C) where isolated and structurally described  [30-32]. In 2012, very high concentrations of 
PnTX-G and traces of PnTX-A were found, mussels and clams from Ingril lagoon, in the SE of 
France (up to 600 µg PnTX-G /kg of shellfish tissue and 4.7 pg /cell of V. rugosum) [19]. The 
recent discovery of cyst of V. rugosum in Fangar Bay (Catalonia, Spain) suggested that PnTXs 
might be also present in our study area [33]. 
 
Cyclic imines have not been directly linked to human intoxications, but the European Food 
Safety Authority requested more exposure data to properly assess the risk that cyclic imines pose 
to shellfish consumers [9]. This paper shows the results of a preliminary survey conducted in 
Catalonia (Spain), NW Mediterranean Sea, to assess the presence of cyclic imines in shellfish 
and seawater samples from solid phase adsorption toxin tracking (SPATTs) devices. Our aim 
was to develop a strategy to detect trace amounts of cyclic imines in marine samples 
guaranteeing their correct identification. Thus we discuss the complementation of two liquid 
chromatography coupled with mass spectrometry (LC-MS) techniques (low and high resolution 
MS (HRMS)) to quickly screen the samples, unambiguously confirm the presence of cyclic 
imines, quantify them and ensuring one avoids false positives.  
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Figure 5-1. Structures of spirolides (13-desmethyl SPX-C type, SPX-E type, SPX-G type and 
SPX-H type), pinnatoxins (PnTX-A type and PnTX-D type) and gymnodimines (GYM-A type). 
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Table 5-1. List of spirolides and pinnatoxins analogs reported to date (reference compound of 
each group in italics). Retention times (RT) and relative retention times in brackets, exact mass 
and elemental formula of the molecular ions and diagnostic fragments. Relative retention times 
were calculated from literature by approximation from a chromatogram (a) or by calculation from 
retention time data (b). The mass of the electron is 1/1837 amu. 
Toxin RT (min) 
[M+H]+ Fragments 
Exact mass 
(m/z) Formula 
Exact 
mass 
(m/z) Formula 
13 desmethyl Spirolide C[34, 35] 1.00 692.4521 C42H62NO7 674.4415 C42H60NO6 
(SPX-1) 
  
444.3108 C27H42NO4 
   
164.1434 C11H18N 
Spirolide A [34] (0.90) a. 692.4521 C42H62NO7 150.1277 C10H16N 
Spirolide B [6, 34] (1.00) a. 694.4677 C42H64NO7 150.1278 C10H16N 
Spirolide C [34] (1.05) a. 706.4677 C43H64NO7 458.3265 C28H44NO4 
    
164.1434 C11H18N 
Spirolide D [6] (1.10) a. 708.4834 C43H66NO7 608.4310 C38H58NO5 
    
458.3265 C28H44NO4 
    
164.1434 C11H18N 
Spirolide E [20] (1.30) a. 710.4637 C42H64NO8 444.3108 C27H42NO4 
Spirolide F [20] 
 
712.4794 C42H66NO8 444.3108 C27H42NO4 
Spirolide G [36] (1.60) a. 692.4521 C42H62NO7 378.2639 C22H36NO4 
    
164.1434 C11H18N 
Spirolide H [37] Not reported 650.4415 C40H60NO6 402.3003 C25H40NO3 
    
164.1422 C11H18N 
Spirolide I [37] Not reported 652.4572 C40H62NO6 402.3003 C25H40NO3 
    
164.1434 C11H18N 
13 desmethyl Spirolide D (1.06) a. 694.4677 C42H64NO7 676.4572 C42H62NO6 
[30, 38] 
   
444.3108 C27H42NO4 
    
164.1434 C11H18N 
13, 19 didesmethyl Spirolide C (0.94) b. 678.4364 C41H60NO7 430.2952 C26H40NO4 
[30, 36] 
   
164.1434 C11H18N 
27 hydroxy 13, 19 didesmethyl Spirolide C (0.91) b. 694.4313 C41H60NO8 464.3007 C26H42NO6 
[30, 32] 
   
180.1383 C11H18NO 
27 hydroxy 13 desmethyl Spirolide C (0.92) b. 708.4470 C42H62NO8 478.3163 C27H44NO6 
[32] 
   
180.1383 C11H18NO 
27 oxo 13, 19 didesmethyl Spirolide C (0.99) b. 692.4157 C41H58NO8 444.2745 C26H38NO5 
[32] 
   
178.1226 C11H16NO 
20 methyl Spirolide G (1.06) b. 706.4677 C43H64NO7 392.2795 C23H38NO4 
[18, 39] 
   
164.1434 C11H18N 
Pinnatoxin G 1.00 694.4677 C42H64NO7 676.4572 C42H62NO6 
[40] 
  
458.3265 C28H44NO4 
   
164.1434 C11H18N 
Pinnatoxin A (0.77) a. 712.4419 C41H62NO9 458.3265 C28H44NO4 
[40-42] 
   
164.1434 C11H18N 
Pinnatoxin B/C Not reported 741.4685 C42H65N2O9 458.3265 C28H44NO4 
(epimers) [42, 43] 
   
164.1434 C11H18N 
Pinnatoxin D [40] Not reported 782.4838 C45H68NO10 446.3265 C27H44NO4 
    
164.1434 C11H18N 
Pinnatoxin E [40] (0.83) a. 784.4994 C45H70NO10 446.3265 C27H44NO4 
    
164.1434 C11H18N 
Pinnatoxin F [40] (0.97) a. 766.4889 C45H68NO9 446.3265 C27H44NO4 
    
164.1434 C11H18N 
UNIVERSITAT ROVIRA I VIRGILI 
IMPROVEMENTS IN LIQUID CHROMATOGRAPHY COUPLED TO MASS SPECTROMETRY METHODS FOR THE DETERMINATION OF LEGISLATED 
AND EMERGING MARINE TOXINS IN THE NORTHWEST MEDITERRANEAN COAST 
María García Altares Pérez 
Dipòsit Legal: T 330-2016
88    Chapter 5 
 
 
5.2 Materials and Methods  
5.2.1 Standards and chemicals 
Certified reference standard solution of 13-desmethyl SPX-C was purchased from the Institute 
for Marine Bioscience of the National Research Council (NRC) from Halifax (Canada) (SPX-1, 
7.0 ± 0.4 µg/mL). Certified reference standard solution of PnTX-G was not commercially 
available, but a pre-released material (sealed ampoules not yet certified) was kindly donated by 
the NRC for the purpose of this study (non-certified concentration ~1.9 µg/mL). 
 
For LC-MS/MS analysis in low resolution, we used acetonitrile (ACN) hypergrade for LC-MS, 
and methanol gradient grade for HPLC were purchased from Merck (Darmstadt, Germany). 
Ammonium hydroxide (28% in water; ȴUSBDFNFUBMTCBTJT
XBTQVSDIBTFEGSPN4JHNB-
Aldrich (Steinheim, Germany). Ultrapure water was obtained through a Milli-Q purification 
system (resistivity >18 MW•cm) from Millipore (Bedford, MA). For high resolution LC-
MS/MS, HPLC grade methanol, ultrapure water and acetonitrile were purchased from LAB-
SCAN (Dublin, Ireland) and ammonium hydroxide (28% in water; ȴUSBDFNFUBMTCBTJT

was purchased from Sigma-Aldrich (Dublin, Ireland).  
5.2.2 Preparation of extracts 
Blue mussels (Mytilus galloprovincialis) and pacific oysters (Crassostrea gigas) were collected 
from the shellfish harvesting areas of Catalonia, Spain (NW Mediterranean Sea). A triple-step 
extraction with methanol (10 mL) was performed on whole homogenated tissues (1 g) according 
to the procedure proposed by Gerssen et al.[44] which was also validated intra-laboratory by our 
group [45]. Analytical balance Sartorius 1702 (Goettingen, Germany), a vortex-mixer MS2 
Minishaker (IKA Labortechnik, Staufen, Germany) and a centrifuge Jouan MR 23i (Thermo 
Fisher Scientific Inc., Waltham, MA, USA) were used. Crude extracts were filtered through 
QPMZUFUSBGMVPSPFUIZMFOF	15'&
ϪNNFNCSBOFTZSJOHFGJMUFST5IFBMLBMJOFIZESPMZTJTPGUIF
samples was performed according to the EURLMB SOP [46] based on the protocol developed by 
Mountfort et al. [47]. Solid-phase adsorption toxin tracking (SPATTs) [48] devices used as 
passive samplers of dissolved lipophilic toxins in seawater were prepared and desorbed in 
methanol following the protocol explained in Caillaud et al [49]. Briefly, the SPATTs were 
prepared with ~10 g of wet adsorbent styrene-divinylbenzene resin (DIAON® HP20, Mitsubishi 
Chemical Corporation, Tokyo, Japan) and remained immersed in the marine environment for a 
week. For toxin desorption, the resin was removed, washed with ultrapure water and filtered 
under vacuum. Then the resin was extracted twice with methanol 100% in a solvent:resin ratio 
of 8:1 mL/g of resin. Finally, the methanolic extracts were combined and evaporated, and the 
dry extract was dissolved in 5 mL of 100% methanol for LC-MS analyses.  
5.2.3 Chromatographic separation 
Toxins were separated on a Waters X-BridgeTM C8 column (guard column 2.1 x 10 mm2ϪN
particle size, column 2.1 x 50 mm2ϪNQBSUJDMFTJ[F8BUFST.JMGPSE."64"
5IJT
analytical column was ethylene-bridged hybrid (BEH), designed to work on a wide range of pH 
between 1 and 12.  
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For low resolution LC-MS/MS, the chromatographic separation was performed on an Agilent 
1200 LC system (Agilent Technologies, Santa Clara, CA) consisting of a binary pump (G1312B), 
four channel degasser (G1379B), thermostated low carry-over autosampler (G1367C + G1330B), 
and column oven (G1316B). For high resolution LC-MS/MS, chromatography was performed 
with an Accela LC system (Thermo Fisher Scientific, Hemel Hempstead, UK). Alkaline mobile 
phases (pH 11) were prepared according to Gerssen et al. [44, 50]: mobile phase A consisted of 
6.7 mM of ammonia in ultrapure Milli-Q water; mobile phase B consisted of 6.7 mM of 
ammonia in 90/10 v/v ACN/Milli-Q XBUFS.PCJMFQIBTFTXFSFGJMUSBUFEUISPVHIϪNOZMPO-
membrane. Chromatography of lipophilic toxins under alkaline pH was validated in out 
laboratory and provided better sensitivity for cyclic imines than other chromatographic 
conditions [45]. 
 
The column oven temperature was set at 30 °C and the flow rate was 0.5 mL/min. The elution 
gradient was optimized [45] and started at 20% mobile phase B (mpB), reached 100% mpB in 8 
minutes, held for one minute, then back to 20% mpB in 0.5 minutes and equilibrated for 2.5 
minutes before the next run started. The diverter valve was programmed to deliver the eluent 
from column to waste for the first 1.5 min.  
 
*OKFDUJPOWPMVNFXBTPQUJNJ[FEBUϪ-JOUIF"HJMFOU -$TZTUFNBOEϪ-JOUIF"DDFMB-$
system. The sample compartment was set at 4 ºC. The needle was washed with methanol in the 
flush port of the autosampler before every injection to avoid carryover. 
5.2.4 Mass spectrometry 
For low resolution LC-MS/MS, a hybrid triple quadrupole linear ion trap 3200QTrap® mass 
spectrometer (MS) equipped with a TurboVTM electrospray ion source (Applied Biosystems, 
Foster City, CA) operating at atmospheric pressure and positive ionization mode with the 
following parameters: curtain gas 20 psi, collision gas 4 (arbitrary units), ion spray voltage 
5500V, temperature 500 ºC, nebulizer gas 50 psi, heater gas 50 psi, interface heater On. The MS 
was operated in the multiple reaction monitoring (MRM) mode. The precursor ions monitored 
[M+H]+ were 692 m/z and 694 m/z for SPX-1 and PnTX-G respectively. Product ions monitored 
were 674 m/z, 444 m/z and 164 m/z for SPX-1 (MRM1, MRM2 and MRM3 respectively); and 
676 m/z, 458 m/z and 164 m/z for PnTX-G (MRM1, MRM2 and MRM3 respectively). MRM1 
was the quantifier while MRM2 and MRM3 were qualifiers; these ions were selected according 
to their diagnostic power [18, 35, 40] and included the cyclic imine (MRM3). Table 5-1 shows 
the precursor and product ions applied for the screening of analogs of PnTX-G and SPX-1. 
Resolution of the quadrupoles was set at unit and the rest of MS parameters were: dwell time 
150 ms, declustering potential 86V, entrance potential 7V, collision cell entrance potential 30V 
and collisions energy 45eV. Analyst software v1.4.2 was used for the entire MS tune, instrument 
control, data acquisition and data analysis.  
 
For high resolution LC-MS/MS, a hybrid high-resolution LTQ Orbitrap Discovery® FT-MS 
(Thermo Fisher Scientific, Hemel Hempstead, UK) operating in positive ionization mode with a 
heated electrospray interface (HESI) was used. The ion source tune method values were 
optimized and set at: capillary temperature 250 °C, capillary voltage 47.5 V, tube lens 90 V, 
sheath gas 50 (arbitrary units), auxiliary gas 10 (arbitrary units). The analysis was divided into 
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two experiments: first experiment was a full MS scan event from 100 to 800 m/z; second 
experiment involved full MS2 scans from precursor ions previously isolated in the first-stage ion 
trap mass analyzer: 692 m/z (Isolation Width 4.0 Da) at 45.0% collision energy (CE) in the high 
collision dissociation (HCD) cell for SPX-1, and 694 m/z (Isolation Width 4.0 Da) with the same 
CE for PnTX-G. Resolution of 30,000 FWHM (at 400 m/z) was selected (the maximum provided 
by the instrument). To improve mass accuracy measurements, we used 453.34353 m/z as lock 
mass, a frequent and consistent background interference from the membrane nylon disks used 
for filtering the mobile phases [51, 52]). The lock mass offers real time recalibration of the mass 
spectral region. The tuning, control, data acquisition and data analysis were done with Xcalibur® 
software v2.0.7. 
5.2.5 Method performance and quality control 
A quality assessment of the quantification capabilities of the method on the triple quadrupole 
3200QTrap® mass spectrometer was conducted. The single laboratory three days assessment 
relied on the concepts described in Taverniers et al. [53]; and the guidelines proposed by the 
Regulation (EC) 657/2002 [54] and the EU-Harmonized SOP for Lipophilic toxins [55]. The 
external standard calibration curves were prepared in methanol (LC-MS grade) from an initial 
multi-toxin stock solution of 100 ng/mL of NRC CRM 13-desmethyl SPX-C and NRC RM 
PnTX-G, with five levels in the range of 2.5 to 50 ng/mL. These concentrations would 
correspond to 25 to 500 µg/kg, thus in the range of concentrations found in other studies cited 
in the Introduction of this paper. Sensitivity of the method was evaluated as the slope of the 
calibration curves [56]. Linearity was assessed by two parameters: correlation coefficients of the 
quantification curves had to be greater than 0.98; and the deviation of the slopes between 
consecutive calibration curves had to be lower than 25%. The drift in the retention times (RT) 
corresponds to the variation of RT along the three days and was considered as acceptable below 
3%. Product ion ratios were calculated as the relative area (in percentage) of the qualifier MRM2 
compared to the area of the quantifier MRM1. Ion ratios were calculated in the external 
standards of the calibration curves, and variations in product ion ratios in mussels and oysters 
were measured as the difference (in percentage) between product ion rations measured in the 
external standards solutions and in spiked samples of mussels and oysters. 
 
Recovery (ratio between quantified and spiked concentration in percentage, %R) and precision 
(intra-day relative standard deviation RSDr, inter-day RSDR) were calculated with blank 
homogenated samples of mussel and oyster, spiked at 50 µg/kg of NRC CRM SPX-1 and NRC 
RM PnTX-G. The spiked samples were analyzed in three consecutive days, three replicates per 
day, and quantified against the external standard calibration curves.  
 
Limits of detection and quantification (LODs and LOQs) where calculated by the IUPAC 
method [57] considering the improves recommended in later studies [57, 58]: 
 [
m
skc BL
)·(
 ] (1)  
Where cL is the concentration that generates a signal equal to three times (k = 3 for LOD) or ten 
times (k = 10 for LOQ) the standard deviation of the noise in the blanks (sB), divided by the 
analytical sensitivity (m), which is the slope of a matrix matched calibration curve in the 
concentration range of the limits. The spiked mussel and oyster where diluted in methanol five 
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times (1 to 25 µg/kg) to calculate m, and noise was calculated as the height of MRM2 for LODs 
and MRM1 for LOQs in the vicinity of RT of the toxins, with three injection replicates of the 
blank samples (not spiked). Average limits include one replicate per day (n=3). 
 
After the quality assessment, the spiked samples were considered as “internal material” and used 
to correct the quantification of the shellfish samples with its recovery. Samples were injected in 
duplicate and quantified against the external standard calibration curves (less squared 
adjustment of the linear regression using peak area).  
5.2.6 Identification and assessment of identification criteria 
A two days single laboratory quality assessment of the identification criteria with a LTQ 
Orbitrap Discovery® (mass resolution FTWM 30,000) was performed. This brief assessment only 
included the standards (five dilutions from 2.5 to 40 ng/mL of SPX-1, 0.95 to 190 ng/mL of 
PnTX-G), not the spiked samples. We evaluated the RT and its drift along two days. The mass 
BDDVSBDZ	ͅJOQQN
PGUIFQSFDVSTPSJPOT	NFBTVSFEJOUIFGVM.4TDBO
BOEUIFTFMFDUFE
fragments (in the full MS2 scan) was evaluated using the features provided by the qualitative 
browser of Xcalibur software. Ion ratios and their variation (relative standard deviation, in 
percentage) in the MS2 spectra were calculated as the relative intensity of the fragment ions 
compared to the most intense one in the full MS2 scan.  
 
Identification was confirmed when the precursor ion was found in the full MS scan and the 
main fragments (Table 5-1) were found in the full MS2 scan with a mass tolerance of 5 ppm. The 
retention times and product ion ratios compared to those obtained from reference standards 
were also used as confirmation criteria to unambiguously confirm the presence of SPX-1 and 
PnTX-G in the samples.  
 
5.3 Results and Discussion 
Two cyclic imines, PnTX-G and SPX-1, were found at low concentrations (2 to 60 µg PnTX-
G/kg and 2 to 16 µg SPX-1/kg) in 13 samples of mussels and oysters (out of 22 samples analyzed, 
Table 5-2). Pinnatoxin G has also been detected in 17 seawater samples (out of 34) using solid 
phase adsorption toxin tracking devices (SPATTs, 0.3 to 0.9 µg/kg-resin, Table 5-3). The quality 
assessment of the methods of quantification and confirmation was satisfactory. We looked for 
other cyclic imines (Table 5-1) and acyl ester derivatives of cyclic imines (section 2.4), but we 
could not confirm their presence in the samples.  
5.3.1 Unambiguous confirmation and quantification of PnTX-G and SPX-1 
Figure 5-2  illustrates the unambiguous confirmation of PnTX-G and SPX-1 in a mussel sample 
from Fangar Bay collected in May, 2012 (MUS120523). Pinnatoxin-G and SPX-1 were 
confirmed by their retention time (RT) compared to that of the standards (<1% difference, 
Figure 5-2A and 2B), the mass accuracy of the precursor and of three diagnostic fragments (<2 
ppm, Figure 5-2D, 2F and 2I) and one ion ratio. The final concentration in the sample was 60 ± 
5 µg/kg PnTX-G and 16 ± 1 µg/kg SPX-1. 
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Table 5-2. Confirmation with LTQ Orbitrap Discovery® FT-MS and quantification with 
3200QTrap® of SPX-1 and PnTX-G in shellfish. ND: Not detected, NC: Not confirmed; NQ: Not 
quantified. Δ ppm: mass error in ppm;  [M+H]+: Molecular Ion (SPX-1: 692.4521 m/z; PnTX-G: 
694.4677 m/z); Fragment 1: 164.1434 m/z (both SPX-1 and PnTX-G); Fragment 2: 444.3108 
(SPX-1) and 458.3265 m/z (PnX-G); Fragment 3: 674.4415 m/z (SPX-1) and 676.4572 m/z 
(PnTX-G). 
Sample details  SPX-	ͅQQN
 SPX-1 (µg/kg) PnTX-(	ͅQQN
 PnTX-G (µg/kg) 
OYS110102 [M+H]+ 1.0 
 
[M+H]+ QͅQN 5 ppm 
 Oyster Frag 1 -0.2 3.6 ± 0.1 Frag 1 QͅQNQQN  ND
Jan-2011 Frag 2 1.2 
 
Frag 2 QͅQNQQN   
Fangar Bay Frag 3 -2.3  Frag 3 QͅQNQQN   
OYS110103 [M+H]+ -0.2 
 
[M+H]+ QͅQNQQN   
Oyster Frag 1 0.2 3.5 ± 0.8 Frag 1 QͅQNQQN  ND 
Jan-2011 Frag 2 -0.9 
 
Frag 2 QͅQNQQN   
Fangar Bay Frag 3 -3.5  Frag 3 QͅQNQQN   
OYS110105 [M+H]+ 5.0 
 
[M+H]+ 40.6 
 Mussel Frag 1 -0.2 2.2± 0.6 Frag 1 -0.2  3.8 ± 0.6
Jan-2011 Frag 2 0.5 
 
Frag 2 -2.6   
Fangar Bay Frag 3 0.4  Frag 3 -0.7   
OYS110115 [M+H]+ 0.4 
 
[M+H]+ QͅQNQQN 
 Oyster Frag 1 -0.2 5± 1 Frag 1 QͅQNQQN  ND
Jan-2011 Frag 2 0.3 
 
Frag 2 QͅQNQQN   
Fangar Bay Frag 3 2.3  Frag 3 QͅQNQQN   
MUS110116 [M+H]+ 1.6 
 
[M+H]+ 1.3 
 Mussel Frag 1 0.1 3.6 ± 0.18 Frag 1 0.5 3 ± 1
Jan-2011 Frag 2 -0.1 
 
Frag 2 -0.2   
Fangar Bay Frag 3 0.9  Frag 3 -0.1   
OYS110117 [M+H]+ -0.1 
 
[M+H]+ QͅQNQQN 
 Oyster Frag 1 0.1 6.6± 0.7 Frag 1 QͅQNQQN ND 
Jan-2011 Frag 2 -0.1 
 
Frag 2 QͅQNQQN   
Fangar Bay Frag 3 -0.9  Frag 3 QͅQNQQN   
OYS110205 [M+H]+ 0.4 
 
[M+H]+ QͅQNQQN 
 Oyster Frag 1 -0.1 5.8± 0.5 Frag 1 QͅQNQQN ND
Feb-2011 Frag 2 0.1 
 
Frag 2 QͅQNQQN   
Fangar Frag 3 1.6  Frag 3 QͅQNQQN   
MUS110205 [M+H]+ -0.2 
 
[M+H]+ 2.2 
 Mussel Frag 1 0.3 NQ Frag 1 0.5  4.1 ± 0.1
Feb-2011 Frag 2 -0.2 
 
Frag 2 -1.8   
Fangar Bay Frag 3 0.9  Frag 3 0.4   
MUS1027 [M+H]+ 0.2 
 
[M+H]+ 42.6 
 Mussel Frag 1 -0.6 3 ± 2 Frag 1 -0.5  2.2 ± 0.1
Feb-2011 Frag 2 -1.0 
 
Frag 2 -1.9   
Fangar Bay Frag 3 0.3  Frag 3 -2.00   
OYS110208 [M+H]+ 0.5 
 
[M+H]+ QͅQNQQN 
 Oyster Frag 1 -0.2 4 ± 1 Frag 1 QͅQNQQN  ND
Feb-2011 Frag 2 0.1 
 
Frag 2 QͅQNQQN   
Fangar Frag 3 -1.0  Frag 3 QͅQNQQN   
MUS120520 [M+H]+ 1.0 
 
[M+H]+ -1.1 
 Mussel Frag 1 -0.5 NC Frag 1 -0.5  39± 6
May-2012 Frag 2 QͅQNQQN 
 
Frag 2 -0.7   
Fangar Bay Frag 3 QͅQNQQN  Frag 3 -0.9   
MUS120523 [M+H]+ -2.1 
 
[M+H]+ 0.2 
 Mussel Frag 1 -0.1 16 ± 1 Frag 1 -0.1  59 ± 5
May-2012 Frag 2 0.4 
 
Frag 2 -0.1   
Retail market Frag 3 -0.1  Frag 3 -0.1   
MUS120524 [M+H]+ QͅQNQQN 
 
[M+H]+ -1.1 
 Mussel Frag 1 -1.1 NC Frag 1 -0.5  58 ± 2
May-2012 Frag 2 QͅQNQQN 
 
Frag 2 -0.9   
Fangar Bay Frag 3 QͅQNQQN  Frag 3 -0.9   
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Table 5-3. Confirmation with LTQ Orbitrap Discovery® FTMS and quantification with 
3200QTrap® of PnTX-G in SPATTs samples from Alfacs Bay. Δ ppm: mass error in ppm; 
[M+H]+: Molecular Ion (PnTX-G: 694.4677 m/z); Fragment 1: 164.1434 m/z; Fragment 2: 
458.3265 m/z; Fragment 3: 676.4572 m/z. 
  PnTX-(	ͅ ppm) PnTX-G (µg/kg) 
TB_1028 [M+H]+ 0.9 
 Jan-2007 Frag 1 0.3  0.47 ± 0.01
 
Frag 2 -0.8   
 
Frag 3 -0.1   
TB_1029 [M+H]+ 1.3   
Jan-2007 Frag 1 0.6  0.65 ± 0.09 
 
Frag 2 -0.8   
 
Frag 3 -0.1   
TB_1036 [M+H]+ -1.1 
 Feb-2007 Frag 1 0.9 0.70 ± 0.05
 
Frag 2 -0.1   
 
Frag 3 0.4   
TB_1037 [M+H]+ 2.0 
 Feb-2007 Frag 1 -3.3  0.75 ± 0.03
 
Frag 2 2.6   
 
Frag 3 3.5   
TB_1359 [M+H]+ 1.9 
 Jun-2008 Frag 1 -2.6 0.48 ± 0.03
 
Frag 2 -3.8   
 
Frag 3 -3.1   
TB_1360 [M+H]+ 3.8 
 Jun-2008 Frag 1 -2.5 0.28 ± 0.02
 
Frag 2 -3.7   
 
Frag 3 -2.9   
TB_1363 [M+H]+ 1.9 
 Jun-2008 Frag 1 -2.7 0.93 ± 0.02
 
Frag 2 -3.9   
 
Frag 3 -3.2   
TB_1367 [M+H]+ 4.1 
 Jun-2008 Frag 1 -3.4 0.65 ± 0.06
 
Frag 2 -4.7   
 
Frag 3 -4.0   
TB_1374 [M+H]+ -0.1 
 Jul-2008 Frag 1 -3.4 0.55 ± 0.01
 
Frag 2 -4.3   
 
Frag 3 -3.4   
TB_1378 [M+H]+ -2.8 
 Jul-2008 Frag 1 -3.3  0.47 ± 0.07
 
Frag 2 -4.1   
 
Frag 3 -3.4   
TB_1379 [M+H]+ -1.1 
 Jul-2008 Frag 1 -3.1 0.34 ± 0.02
 
Frag 2 -4.8   
 
Frag 3 -2.5   
TB_1381 [M+H]+ 8.7 
 Jul-2008 Frag 1 -3.3 0.33 ± 0.02
 
Frag 2 -5.0   
 
Frag 3 -4.0   
TB_1614 [M+H]+ -0.8 
 Jun-2009 Frag 1 -2.9 0.58 ± 0.06
 
Frag 2 -5.1   
 
Frag 3 -1.0   
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Figure 5-2. A and B) Chromatograms; C and D) MS2 product scans; and G and I) assigned 
formulae and mass accuracy measurements (Δ in ppm) of the precursor ions and the diagnostic 
product ions of SPX-1 and PnTX-G in the reference standard materials (A, C and G) and 
sample MUS120523 (B, D and I). 
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Following the same approach, we analyzed 22 samples of shellfish (14 mussels and 8 oysters, 
Table 5-2) that were initially screened by triple quadrupole LC-MS/MS: 4 mussels samples from 
Alfacs Bay (Catalonia, Spain), 8 from Fangar Bay (Catalonia, Spain) and 2 mussels samples from 
retail market, one oyster sample from Alfacs Bay, and 7 from Fangar Bay. We confirmed the 
presence of PnTX-G in 6 mussels from Fangar Bay and one mussel from the retail market, with 
concentrations from 2 to 60 µg/kg (Table 5-2). SPX-1 was confirmed in 5 mussels samples and 6 
oysters samples from Fangar Bay, and in one mussel samples from retail market. The SPX-1 
concentrations ranged from 2 to 16 µg/kg. In summary, 13 samples were confirmed to contain 
one cyclic imine ( PnTX-G or SPX-1), and 4 mussels samples from Fangar Bay and one from the 
retail market had both toxins. Nine samples showed characteristic transitions for PnTX-G 
and/or SPX-1 in the triple quadrupole LC-MS/MS at very low intensity, but could not meet the 
confirmation requirements in the LTQ Orbitrap method. Separately, a total of 34 SPATT 
samples immersed for a week in the seawater of Alfacs Bay (Table 5-3) were selected and 
analyzed from the period 2006-2009. Pinnatoxin G was present in 17 SPATT samples from 
2007, 2008 and 2009 and its concentration was quantified in 13 SPATT samples, ranging from 
0.28 to 0.93 µg/kg resin.  
 
Although several SPATT samples showed some of the diagnostic fragments of SPX-1 in the MS2 
product scan of 692.5 m/z, the precursor ion for SPX-1 was not detected in the full MS scan in 
any SPATT sample using a 5 ppm mass window. This could be explained by the relative low 
abundance of the ion 692.4521 m/z in the presence of much more abundant ions present in the 
matrix. LTQ Orbitraps operate with a C-trap that storage the ions coming from the ion trap to 
be injected into the Orbitrap analyzer. The filling of the C-trap is controlled by the automatic 
gain control function of the instrument (based on a pre-scan in the ion trap that optimizes the 
number of ions stored in the C-trap [59]). In full MS experiments, the detection of low 
abundance ions in the presence of high abundance ions is therefore challenging for two reasons: 
1) the space charge capacity of the C-trap may get saturated with ions present in high abundance 
and thus the sensitivity for low abundance ions gets limited; and 2) the high dynamic range of 
the ion population (the ratio of maximum signal to minimum signal) compromises the mass 
accuracy measurements of the ions with too low and too high intensity [60].  
5.3.2 Study of PnTXs and SPXs analogs without reference standard materials 
Pinnatoxins and SPX-1 comprise a long list of more than 20 analogs (Table 5-1), most of them 
without available reference standard materials. High resolution mass spectrometry (HRMS) 
suits these applications: it enables the screening of an unlimited list of precursor ions in full scan 
mode, and provides great selectivity thanks to its high resolving power and precision in mass 
accuracy measurements. Thus, HRMS reduces the dependence on reference standard materials 
to identify compounds [61, 62]. 
 
Two studies from 2011 explored the capabilities of the Orbitrap® mass analyzer to screen marine 
toxins in shellfish samples, and in 2014 Domènech et al. [63] validated a quantitative method for 
lipophilic toxins. The screening methods were very comprehensive: Gerssen et al.[64] created an 
exportable search library for 85 lipophilic marine toxins, and Blay et al. [61] included the most 
common lipophilic and hydrophilic marine toxins in shellfish. However, the screening methods 
had different approaches using the same instrumentation (LC-HR Orbitrap FT-MS 100,000 
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resolution at 400 m/z FWHM): while Blay et al. [61] relied only on the extraction of 5 ppm mass 
windows around the calculated mass of the precursor ions in full MS scans; Gerssen et al. [64] 
claimed that this approach is insufficient for confirmation, thus the study included criteria such 
as retention times of the analytes, spectral information, and blank samples to assess the potential 
false positives. Domènech et al. [63] also included those confirmation criteria, which could be 
potentially applied to real samples.  
 
A suitable selection of the mass tolerance error is essential to provide optimum selectivity: the 
narrower the mass tolerance error, the less “false positives” (chromatographic peaks produced 
by compounds with an exact mass in the mass tolerance range). On the other hand, physical 
resolution and precision in mass accuracy measurements of the instrument determine the width 
of the mass error tolerance: setting a too narrow tolerance may lead to false negatives due to 
shifts in accurate mass measurements caused by hidden isobaric interferences and/or distortion 
of chromatographic peaks[62, 65]. Defining an appropriate mass error tolerance seems to be a 
fit-for-purpose task [62], thus taking into account the resolution of our LTQ Orbitrap 
Discovery® (resolution 30,000 at 400 m/z FWHM) and the good precision in mass accuracy 
measurements for PnTX-G and  SPX-1 (<2 ppm, section 2.5.2.), we screened the samples for 
PnTXs and SPXs with a 10 ppm mass tolerance window. This tolerance widely accepted in 
HRMS applications led to a remarkable number of false positives, even in methanol blanks (Sup. 
Mat. Figure 5-1). Therefore we investigated the isotopic patterns and MS2 full scans as additional 
confirmation tools. 
 
Isotopic pattern and relative isotope abundance (RIA) can be used as confirmation criteria and 
facilitate elemental composition elucidation, also in retrospective analysis[66], but both can be 
affected by low ion abundance [67, 68]. According to our data, mass accuracy and RIA are not 
reliable when ion abundance is lower than 104 counts, which would correspond to 0.2 ng/mL 
PnTX-G in methanol in our conditions of analysis (¡Error! No se encuentra el origen de la 
referencia., Sup. Mat. Table 5-1 and Sup. Mat. Table 5-2). We assessed the isotopic pattern of 
the protonated ion [M+H]+ of PnTX-G in sample MUS120523 (694.4677 m/z; 5.9 ng/mL PnTX-
G in the methanolic extract) and found that only the first isotope (C4113CH64NO7) was measured 
accurately (<10 ppm), thus the complexity of shellfish matrices negatively influenced the 
abundance threshold for isotopic pattern analysis (Sup. Mat. Table 5-3). Therefore the used of 
this confirmation criteria was not feasible in our study.  
 
Product ion scans from previously isolated precursor ions can provide reliable information for 
confirmation, but they cannot be used as a post-run screening tool [66], unless the precursor 
ions had been isolated in the ion trap analyzer. The LTQ Orbitrap Discovery® can perform “data 
dependent MS2 experiments” (i.e. the precursor ion found in the full MS scan triggers an MS2 
scan). However, the success of these experiments depend on the careful selection of an 
appropriate abundance threshold for the precursor ion in the full MS scan: too low thresholds 
lead to MS2 scans even in methanol blanks, while higher thresholds did not trigger any scan even 
in positive control samples. Thus, for the samples analyzed in this study, the levels of cyclic 
imines around few parts-per-billion did not allow performing data dependant MS2 experiments. 
The comprehensive study of sample MUS120523 illustrates our strategy applied to identify 
PnTXs and SPXs. We searched for all PnTXs and SPXs listed in Table 5-1 using a 10 ppm filter 
around the exact mass of the precursor ions. Figure 5-3 shows that 9 out of 22 precursor ions 
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produced a chromatographic peak in the sample, although the ion abundances were too low to 
apply isotopic patterns and MS2 products as confirmation criteria. We focused on the peak 
produced by 766.4889 m/z (PnTX-F, Figure 5-3J), since the abundance of this ion was in the 
same order of magnitude as the ion abundance of the confirmed PnTX-G. Figure 5-4 illustrates 
the extracted ion chromatograms (Figure 5-4A), evaluation of the isotopic pattern (Figure 5-4B 
and 4C) and the MS2 full scan on 766.5 m/z (Figure 5-4D). We rejected the presence of PnTX-F 
in the sample, since: i) the fragment 164.1434 m/z (the actual cyclic imine in the structure) was 
not present in the MS2 product ion scan scan (Figure 5-4A and 4D), ii) the diagnostic fragment 
446.3265 m/z was present but not at the same retention time as the precursor ion (Figure 5-4A), 
iii) the isotopic pattern of the precursor ion did not correspond with the simulated isotopic 
pattern for PnTX-F formula: the isotopes A+1 (C4413CH68NO9) and A+2 (C4313C2H68NO9) were 
not present (with 10 ppm mass tolerance) and the isotopic ion ratios of the present ions did not 
fit the expected pattern (Figure 5-4B and 4C), iv) the MS2 product ion scan from the precursor 
ion [M+H]+ of PnTX-F did not reveal any fragments that could have been related with toxins 
from the cyclic imine group (Figure 5-4D).  
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Figure 5-3. A to J) Extracted chromatograms of precursor ions of spirolides and pinnatoxins 
listed in Table 5-1 that produced a peak with 10 ppm mass window tolerance in sample 
MUS120523. Retention times (RT) in minutes; RRT in brackets is the RT relative to the main 
toxin in the group (SPX-1 or PnTX-G). 
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Figure 5-4. Study of a false positive of PnTX-F in sample MUS120523: A) extracted ion 
chromatogram of the precursor ion (766.4889 m/z) in the MS scan, and an extracted 
chromatogram of the diagnostic fragments (164.1434 m/z and 446.3265 m/z) in the MS2 
product scan (10 ppm mass window in both cases); B and C) isotopic pattern of the precursor 
ion (simulated and found, respectively); and D) MS2 product scan on the precursor ion (766.5 
m/z). 
We confirmed that all peaks in Figure 5-3 (except peaks of PnTX-G and SPX-1, Figure 5-3A and 
3G) were false positives. Before applying the confirmatory tests in HRMS in the rest of the 
samples, we screened them in the 3200QTrap® using the diagnostic fragments listed in Table 5-1. 
Some samples showed peaks in MRM that could correspond to diagnostic fragments of PnTXs 
and SPXs analogs, but they were proved to be false positives during the confirmatory analysis in 
HRMS. Therefore, according to our identification criteria, only PnTX-G and SPX-1 were 
present in the sample above the limits of detection. 
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5.3.3 Search for acyl ester derivatives of pinnatoxins and spirolides 
Acyl ester derivatives have been found for toxin analogs belonging the three major types of 
cyclic imines (SPXs, PnTXs, GYMs) and described in shellfish samples from Tunisia, Canada 
and Norway [39, 41, 69]. Unlike SPXs and GYMs, PnTXs resist the alkaline hydrolysis protocol 
applied for the indirect determination of acyl ester analogs of the okadaic acid group of toxins. 
The presence of these shellfish metabolites can be evidenced by an increment in the 
concentration of free PnTXs after hydrolysis, compared to the concentration in the crude extract 
[41] However, acyl esters of SPXs cannot be assessed with this approach. We hydrolized the 
three mussel samples with the highest PnTX-G concentration to look for PnTX-G acyl derivates, 
but the concentration of PnTX-G only increased about 20%, much less than the 3-fold increase 
in PnTX-G concentration reported in Canadian shellfish [41]. Further investigation of the 
samples by precursor ion scans of the product 164.1 m/z in a 3200QTrap® did not provide 
evidences on the presence of PnTXs or SPXs acyl esters in the samples (Sup. Mat. Figure 5-3). 
Our results are in line with other studies that reported free PnTXs in mussels, oysters and sea 
hares with no significant levels of acyl ester metabolites of PnTXs being present [70-72]. Thus, 
metabolization of free toxins into acyl ester derivatives should always be studied in different 
shellfish species and/or in their physiological state. 
5.3.4 Quality assessment of the methods 
5.3.4.1 Low resolution MS with the triple quadrupole 3200QTrap® 
Our method developed on the triple quadrupole 3200QTrap® provided the first hint of the 
presence of cyclic imines in samples of mussels, oysters and passive sampler devices from 
Catalonia (Spain). According to the Commission Decision 2002/657/EC [54], the confirmatory 
potential of the low resolution MS method is enough for PnTX-G and SPX-1 (one precursor ion, 
three product ions, ratio of abundance between product ions, and retention times). However, 
the method relying on the triple quadrupole mass analyzer constrained its applicability for the 
rest of toxin analogs lacking of reference standards. For them, the method was used as a 
screening tool in combination with high resolution MS as a confirmatory technique. The 
quantitative method presented comparable results for PnTX-G and SPX-1 (Table 5-4), showing 
good intra-day and inter-day precision (<3.1% RSDr and 7.1% RSDR, for SPX-1 in oysters), 
high sensitivity, good linearity, and small variation in retention time.  
 
Matrix components might influence identification parameters, such as product ion ratio [73], 
but it was not the case in our study. Product ion ratios were very reproducible in the calibration 
curves prepared in methanol (<0.5% variation), and the influence of the matrices was 
completely negligible for PnTX-G ion ratios (<0.3% variation). Product ion ratios for SPX-1 
where slightly different in spiked mussels compared to those in methanol (-1.0%), and especially 
in oysters (-4.9% variation), but these variations fell in the tolerance ranges proposed by the 
Commission Decision 2002/657/EC (±25% variation allowed) [54] .  
 
The average recovery (Table 5-4) for SPX-1 was over 80% for mussels and oysters, but shellfish 
tissues may suppress the ion signal for PnTX-G quantification, since recoveries were below 80% 
(Table 5-4). We found negative matrix effects with mussels and oysters for GYM-A in a previous 
work [45], thus structurally related PnTX-G may suffer the same problem. We addressed this 
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issue by correcting the quantification of the samples with recovery values obtained for the 
spiked samples.  
 
Limits of detection and quantification were very low for both toxins in oysters (<1.5 µg/kg), but 
unexpectedly high (up to 56.1 µg/kg for PnTX-G) in mussels (Table 5-4). This can be explained 
because the mussel tissue used as a blank had trace levels (below LOQ) of SPX-1 and PnTX-G. 
Carryover did not cause this problem since the methanol blanks analyzed after the most 
concentrated level of the calibration curves never showed signal for these toxins. We could not 
find any mussel sample (from n=12) with undetectable levels of PnTXs and SPXs at the time of 
the study. In 2014, we had access to a mussel sample collected in the same shellfish harvesting 
area with no traces of PnTXs. Since PnTX-G standard solution is not commercialized, its 
availability is extremely restricted. Thus we could not repeat the experiments to calculate LOQ 
and LOD using the same methodology. Nevertheless, we spiked a metanolic extract of a mussel 
sample at 38 µg PnTX-G/kg mussel tissue and estimated the LODs and LOQs with five 
injections. The new LOD and LOQ would be 0.2 and 0.3 µg PnTX-G/kg mussel, a much lower 
result that would fit better with the S/N ratios we observed in samples and in standard solutions. 
For instance, the same spiking in methanol yielded to LODs and LOQs of 0.08 and 0.19 µg 
PnTX-G/L.  
Table 5-4. Quality assessment of the quantification on the triple quadrupole 3200QTrap® mass 
spectrometer (three days, single laboratory). [M+H]+ ions were 692 m/z and 694 m/z for SPX-1 
and PnTX-G respectively. Product ions monitored were 674 m/z, 444 m/z and 164 m/z for SPX1 
(MRM1 as the quantifier, MRM2 and MRM3 as the qualifiers respectively); and 676 m/z, 458 
m/z and 164 m/z for PnTX-G (MRM1, MRM2 and MRM3 respectively). Product ion ratios were 
calculated as the relative area (in percentage) of the qualifier MRM2 compared to the area of 
the quantifier MRM1.  Variations in product ion ratios in mussels and oysters represent the 
difference (in percentage) between product ion rations measured in metanolic standard 
solutions and in spiked samples of mussels and oysters. LODs and LOQs in mussels were not 
trustable because the spiked sample was not completely blank. Later analysis on a PnTX-G 
free mussel sample had an LOD = 0.2 μg/kg and LOQ = 0.3 μg/kg (different methodology for 
limits calculation, see Results and Discussion and Experimental Section). 
  SPX-1 PnTX-G 
Linearity range (ng/mL) (n=15) 2.5-50 2.5-50 
RT (average, n=75) 6.33 7.36 
% drift 0.3 0.2 
Product ion ratios (%) (n=30) 
Area MRM2 / Area MRM1 40.7 77.1 
% variation in mussels -1.0% 0.3% 
% variation in oysters -4.9% 0.1% 
Recovery (%) (n=9) 
Mussel 91.6 77.6 
Oyster 81.0 66.6 
Intra-day precision (RSDr)(%) (n=9) 
Mussel 2.6 2.9 
Oyster 3.1 2.5 
Inter-day precision (RSDR) (%) (n=9) 
Mussel 7.0 6.8 
Oyster 7.1 6.2 
LOQ (µg/kg) (n=3) 
Mussel 19.6 56.1 
Oyster 0.7 0.9 
LOD (µg/kg) (n=3) 
Mussel 5.5 10.8 
Oyster 1.1 0.5 
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5.3.4.2 High resolution MS with the LTQ Orbitrap Discovery® 
The confirmatory method with the LTQ Orbitrap Discovery® for  PnTX-G and SPX-1 included 
the precursor and three product ions measured at high resolution (mass accuracy <2 ppm), in 
addition to one product ion ratio and retention times. Relative isotope abundances could not be 
applied to precursor ions due to lack of sensitivity.  
 
High resolution MS reduces dependence on analytical standards for qualitative analysis. For 
instance, to confirm PnTXs and SPXs analogs without reference standards, the measurement of 
the precursor and three diagnostic product ions by HRMS would satisfy the guidelines of the 
Commission Decision 2002/657/EC[54].  
 
Mass accuracy measurements for PnTX-G and SPX-1 were very reliable (<2 ppm in all cases,  
Table 5-5) for the precursor and product ions selected. Even for the lowest concentration 
analyzed of the standard solutions (2.5 ng/mL SPX-1 and 0.95 ng/mL PnTX-G), the mass 
accuracy was very good (<1 ppm). Thus, the method could reliably confirm the presence of 
SPX-1 and PnTX-G even at very low concentrations.   
 
Variations in retention times were below 2%, but the variation in product ion ratios was about 
20% in the methanolic solutions of the standards (concentrations 2.5 to 40 ng/mL SPX-1 and 
0.95 to 190 ng/mL PnTX-G, see Experimental Section). The use of product ion ratios for 
identification and confirmation has been questioned in several studies due to their lack of 
robustness, especially at low concentrations [74-77], which seem to concur with the lack of 
reproducibility in our product spectra acquired with the LTQ Orbitrap Discovery®.  
Table 5-5. Quality assessment of identification (LTQ Orbitrap Discovery®, mass resolution 
FTWM 30,000 at 400 m/z). RT: retention time. Averages of 13 injections in two days at five 
concentrations (2.5 to 40 ng SPX-1/mL; 0.95 to 190 ng PnTX-G/mL). 
 
 NRC CRM SPX-1 NRC CRM PnTX-G 
RT (min)   
Average 
% drift 
4.75 
2 
5.92 
1 
Frag 1 Frag 2 Frag 3 Prec. Frag 1 Frag 2 Frag 3 Prec. 
 Exact mass 164.1434 444.3108 674.4415 692.4521 164.1434 458.3265 676.4572 694.4677 
Mass accuracy  
	ͅQQN
 
 
 
 
 
 
 
 
     
Average -0.3 0.1 0.4 0.5 -0.4 -0.5 -0.1 0.1 
Max. -2.0 -1.6 -0.9 0.7 -1.7 -1.8 -1.4 -1.6 
Ion ratios         
% of Frag 1 
intensity 100 53 50  94 69 100  
% difference  19 23  22 15   
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5.4  Conclusions  
We unequivocally confirmed and quantified PnTX-G and SPX-1 in shellfish and passive 
samplers (SPATTs) from Catalonia, Spain. This is the first report of pinnatoxins in Spain and 
the first time that spirolides have been detected in Catalonia. We developed and discussed a 
comprehensive strategy to avoid false positives of toxin analogs of PnTXs and SPXs by LC-
MS/MS analysis, with applicability to other toxin groups and analogs, that consisted on: 
 
1) Fast and sensitive screening in low resolution MS with a 3200QTrap® triple quadrupole 
using diagnostic transitions for all PnTXs and SPXs described up to date. 
2) Confirmation analysis in high resolution MS with an LTQ Orbitrap Discovery® that 
included the inspection of isotopic patterns and MS2 spectra, and the look for the 
precursor ion and three diagnostic product ions with a mass tolerance window selected 
accordingly to the method performance.    
 
Evidences of acyl ester metabolites of PnTXs could not be obtained from mussel samples, 
neither after application of the alkaline hydrolysis procedure nor through precursor ion scan 
mass spectrometric experiments. 
 
Cyclic imines should be included in the shellfish safety monitoring programs of lipophilic 
marine toxins by LC-MS methods, even if they are not regulated, to better assess their presence 
in shellfish and favor exposure studies that would enable a reliable risk analysis for consumers. 
The introduction of benchtop high resolution mass spectrometry instruments in research and 
control laboratories may enhance the capabilities to ensure unequivocal confirmation of 
emerging marine toxins, as shown in this work. However, a proper strategy should be applied 
combining isotopic patterns, MS and MS2 accurate mass measurements, signal thresholds, and 
tolerances applied to mass filters in order to avoid potential false positives or negatives.  
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Supplementary Materials  
 
Sup. Mat. Table 5-1. Assigned mass errors (Δ in ppm) to the molecular formula and theoretical 
m/z, and ion intensities on the precursor ion (A) and the first three isotopes (A+m) of PnTX-G 
(n=2 for 19 and 1.9 ng/mL; n=1 for 190 and 0.2 ng/mL). Mass errors larger than 5 ppm are in 
bold, also the intensities associated with the analysis that yielded these high mass errors. When 
intensity were below 1E4, mass accuracy dropped below 5 ppm. 
Concentration – PnTX-G (ng/mL) 
Isotopes – PnTX-G (m/z) 
190 19 1.9 0.2 
Δ (ppm) 
A (Prec ion) 
C42H64NO7 
 
(m/z 694.4677) -0.1 -0.4 -0.1 0.4 
A+1 
C4213CH64NO7 (m/z 695.4711) -0.1 -0.5 -1.2 -20.6 
A+2 
C4213C2H64NO7 (m/z 696.4744) 0.1 -0.1 -1.4 -22.7 
A+3 
C4213C3H64NO7 (m/z 697.4778) 0.7 1.1 -50.5 15.2 
 Intensity counts 
A (Prec ion) 
C42H64NO7 (m/z 694.4677) 1.56E+07 1.95E+06 2.17E+05 1.74E+04 
A+1 
C4213CH64NO7 (m/z 695.4711) 7.24E+06 8.88E+05 1.01E+05 9.36E+03 
A+2 
C4213C2H64NO7 (m/z 696.4744) 1.80E+06 2.18E+05 1.57E+04 8.10E+02 
A+3 
C4213C3H64NO7 (m/z 697.4778) 3.13E+05 2.81E+04 6.74E+03 7.24E+02 
 
 
Sup. Mat. Table 5-2. Differences in (%) in intensity ratios between the isotopes (A+m) and the 
precursor ion (A) compared to the simulated isotopic pattern for PnTX-G (n=2 for 19 and 1.9 
ng/mL; n=1 for 190 and 0.2 ng/mL). For low concentrations (1.9 and 0.2 ng/mL PnTX-G) the 
difference between the simulated isotopic ratios and the measured isotopic ratios is very 
evident (over 35%). 
Isotopes – PnTXG (m/z) 
Concentration – PnTX-G (ng/mL) 
190 19 1.9 0.2 
A+1 / A (Prec ion) -2 0 -2 -19 
A+2 / A (Prec ion) -15 -11 38 54 
A+3 / A (Prec ion) -39 0 -175 -187 
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Sup. Mat. Table 5-3. Isotopic pattern analysis in sample MUS120523. Assigned mass errors (in 
ppm) to the molecular formula and theoretical m/z, and ion intensities on the precursor ion (A) 
and the first three isotopes (A+m) of PnTX-G. Differences in (%) in intensity ratios between the 
isotopes (A+m) and the precursor ion (A) compared to the simulated isotopic pattern for PnTX-
G. Only A+1 could be measured with appropriate mass accuracy, and its relative intensity 
compared to the precursor ion (A) similar to the simulated relative intensity between A+1 and A 
(12.5% difference). A+2 could not be measured accurately and A+3 was not found. 
Isotopes – PnTXG (m/z) 
Sample MUS120523 
m/z found Intensity counts  Mass error (ppm) % Diff. Int. ratios 
A (Prec ion) 
C42H64NO7 
 
(m/z 694.4677) 694.4669 1.63E+05 1.15   
A+1 
C4213CH64NO7 (m/z 695.4711) 695.4702 6.46E+04 1.29 12.5 
A+2 
C4213C2H64NO7 (m/z 696.4744) 696.4883 2.11E+04 -19.96 -28.7 
A+3 
C4213C3H64NO7 (m/z 697.4778) Not found Not found Not found Not found 
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Sup. Mat. Figure 5-1. (A, B, and C): Three methanol blanks screened for spirolides (SPX-1 to 
SPX-I, see Table 1 in the main article)  in the full MS scan at 10 ppm mass error tolerance. 
Blanks were included in a batch of sixty samples (shellfish and SPATT samples) every six 
samples. Blank A) First methanol blank; Blank B) Fifth methanol blank; Blank C) Tenth 
methanol blank. Carryover was discarded by checking the methanol blanks analyzed after the 
most concentrated level of the calibration curves, which never showed signal for PnTX-G of 
SPX-1 at their retention times. Peaks did not correlate with the expected relative retention time 
of the target analytes, but there are no standards available for PnTXs and SPXs other than 
PnTX-G and SPX-1. 
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Sup. Mat. Figure 5-1. (A, B, and C): Three methanol blanks screened for spirolides (SPX-1 to 
SPX-I, see Table 1 in the main article)  in the full MS scan at 10 ppm mass error tolerance. 
Blanks were included in a batch of sixty samples (shellfish and SPATT samples) every six 
samples. Blank A) First methanol blank; Blank B) Fifth methanol blank; Blank C) Tenth 
methanol blank. Carryover was discarded by checking the methanol blanks analyzed after the 
most concentrated level of the calibration curves, which never showed signal for PnTX-G of 
SPX-1 at their retention times. Peaks did not correlate with the expected relative retention time 
of the target analytes, but there are no standards available for PnTXs and SPXs other than 
PnTX-G and SPX-1. 
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Sup. Mat. Figure 5-1. (A, B, and C): Three methanol blanks screened for spirolides (SPX-1 to 
SPX-I, see Table 1 in the main article)  in the full MS scan at 10 ppm mass error tolerance. 
Blanks were included in a batch of sixty samples (shellfish and SPATT samples) every six 
samples. Blank A) First methanol blank; Blank B) Fifth methanol blank; Blank C) Tenth 
methanol blank. Carryover was discarded by checking the methanol blanks analyzed after the 
most concentrated level of the calibration curves, which never showed signal for PnTX-G of 
SPX-1 at their retention times. Peaks did not correlate with the expected relative retention time 
of the target analytes, but there are no standards available for PnTXs and SPXs other than 
PnTX-G and SPX-1. 
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Sup. Mat. Figure 5-2. Isotopic pattern simulation for PnTX-G (C42H64NO7) calculated by Xcalibur 
® 2.07 
 
 
 
 
 
 
 
 
 
 
 
 
 
m/z Intensity Relative
694.4677 618847.0 100.00
695.4711 281117.8 45.43
696.4744 62330.1 10.07
697.4778 8988.6 1.45
696.4720 8902.1 1.44
695.4740 4555.2 0.74
697.4753 4043.9 0.65
695.4648 2285.8 0.37
696.4774 2069.3 0.33
695.4719 1650.1 0.27
696.4681 1038.3 0.17
698.4811 947.9 0.15
698.4787 896.6 0.14
696.4753 749.6 0.12
697.4807 458.8 0.07
697.4715 230.2 0.04
697.4787 166.2 0.03
699.4820 129.3 0.02
699.4845 77.9 0.01
698.4841 66.2 0.01
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Sup. Mat. Figure 5-3. Contour Plot of LC-MS precursor scan for m/z164.2 (CE 45V) with a 
Triple Quadrupole QTRAP 3200 ®. Sample of mussel from Alfacs Bay (May 2012) with 60 
µg/kg free PnTXG. The characteristic pattern with diagonal lines is evident in the figure, which 
could be consistent with an acylation of PnTXG with fatty acids; although PnTXG esters 
described in literature 1 were formed by longer chains with m/z values between m/z 904 (C14:0) 
and m/z1034. (C24:5). The low concentration of these compounds constrained their 
characterization by MS2. 
 
1McCarron, P.; Rourke, W. A. b. W. a.; Hardstaff, W. W. a.; Pooley, B. b. B.; Quilliam, M. A. a. 
M. a. Journal of Agricultural and Food Chemistry 2012, 60, 1437-1446. 
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6 The novel ovatoxin-g and isobaric palytoxin (so far referred to as 
putative palytoxin) from Ostreopsis cf . ovata (NW Mediterranean 
Sea): structural insights by Liquid Chromatography-High 
Resolution Mass Spectrometryn 
Ovatoxin-g and isomeric palytoxin by LC-HRMS 
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Abstract 
Blooms of the benthic dinoflagellate Ostreopsis cf. ovata are a concern in the Mediterranean Sea, 
since this species produces a wide range of palytoxin-like compounds listed among the most 
potent marine toxins. This study focused on two analogs of palytoxin found in cultures of six 
strains of Ostreopsis cf. ovata isolated from the south of Catalonia (NW Mediterranean Sea). In 
addition to some already known ovatoxins, our strains produced two minor compounds, 
ovatoxin-g and an isomer of palytoxin (putative palytoxin), whose structures had not been 
elucidated before. Insufficient quantity of these compounds impeded a full NMR-based 
structural elucidation, thus we studied their structure in crude algal extracts through Liquid 
Chromatography Electro Spray Ionization High Resolution Mass Spectrometryn (LC-ESI-
HRMSn) in positive ion mode. Under the used MS conditions, the molecules underwent 
fragmentation at many sites of their backbone and a large number of diagnostic fragment ions 
were identified. As a result, tentative structure was assigned to both ovatoxin-g and putative 
palytoxin.  
 
 
Keywords 
Putative palytoxin; Ovatoxin-g; Ostreopsis cf. ovata; High Resolution Mass Spectrometry; NW 
Mediterranean Sea 
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6.1 Introduction 
Ovatoxins (OVTXs) are complex macromolecules produced by the benthic dinoflagellate 
Ostreopsis cf. ovata (Figure 6-1) [1-3]. Structurally, they are closely related to palytoxin (PLTX, 
C129H223N3O54), one of the most toxic non-peptidic marine compound (LD50 by intra-venous 
administration of 0.15 µg/kg in mouse) [4] first isolated from soft corals of the genus Palythoa 
[5, 6] (Figure 6-1).  
 
Although little is known on their toxicity [7], ovatoxins have been frequently involved in several 
Ostreopsis-related toxic outbreaks following inhalation of marine aerosols in the Mediterranean 
basin [8-10]. The presence of ovatoxins and O. cf. ovata cells in the aerosols has been recently 
proved by chemical and biomolecular means [11, 12].  
 
 
Figure 6-1. Planar structure of palytoxin (C129H223N3O54) from the soft coral Palythoa tuberculosa 
[5, 6] and ovatoxin-a (C129H223N3O52) from the Mediterranean dinoflagellate Ostreopsis cf. ovata 
[13, 14] Structure numbering and was performed according to Uemura et al. [6]. 
Within the complex pool of palytoxin-like compounds produced by Mediterranean O. cf. ovata, 
OVTX-a usually represents the major component of the toxin-profile, accounting for about 60% 
of the total toxin content [3]. In most of the analyzed strains, OVTX-a is followed by OVTX-b, 
OVTX-d and/or –e, OVTX-c, and a putative palytoxin (pPTLX), listed in decreasing order of 
abundance. Putative PLTX was the first analog of the toxin profile to be discovered [1] based on 
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liquid chromatography tandem mass spectrometry (LC-MS/MS) evidences. The term “putative” 
was added since, due to the complex stereo-structure of palytoxin molecule (Figure 6-1), the 
possibility that the detected compound was a structural- and/or a stereo-isomer of palytoxin 
itself could not be excluded.  
 
O. cf. ovata toxin profiles have been proven to be strain-specific, since some strains lack some 
toxins and/or produce individual toxins with different relative abundances. For example, unlike 
most of the analyzed Italian O. cf. ovata strains presenting the typical toxin profile [2], some 
were found not to produce OVTX-b and –c [14]. In addition, OVTX-f was identified only in one 
strain, of which it also represented the major toxin [3]. Recently, a O. cf. ovata strain from the 
French Mediterranean coast has been reported to produce all the ovatoxins (OVTX-a to –f) and 
quite high levels of pPLTX (12% of the total toxin content) [15]. Toxins scenario becomes even 
more complicate considering toxin profiles of Ostreopsis spp. strains from Japan, that produce a 
number of different isomers of ovatoxins, namely ovatoxins AC [16] and ovatoxins IKA2 [17]. 
Such findings suggest that toxin profiles may be a valuable feature to characterize new strains of 
O. cf. ovata belonging to the same genetic clade. 
 
Only ovatoxin-a  has been isolated and stereo-structurally elucidated by NMR [13, 14]. For all 
the other ovatoxins, their quantity in O. cf. ovata extracts was not sufficient for a full NMR-
based structural elucidation, and only high resolution (HR) LC-MS data have been provided 
[18]. They include (a) elution order of the toxins on reversed phase column, (b) molecular 
formulae of protonated and adduct ions of multiple charge states (1+, 2+ and 3+) which are 
contained in their full HRMS spectra, and (c) preliminary structural information deriving from 
the favored cleavage between C-8 and C-9 in fragmentation spectra (Figure 6-1).  
 
More detailed insights into the chemical structures of ovatoxins can be obtained through LC-
MS/MS methods, especially when low concentrations of toxins hamper any NMR-based 
investigation. In 2012, Ciminiello et al. developed a LC-HRMSn method on the LTQ-Orbitrap, 
highlighting that palytoxin-like compounds undergo characteristic fragmentations at several 
sites of their skeleton in positive ion mode [19]. The fragmentation behavior proved useful for 
gaining structural insights into ovatoxin-a in crude extract [19], that were all confirmed by an 
NMR-based study on pure compound [14] . The approach was successively used for a 
preliminary structural characterization of OVTX-f which turned out to differ from OVTX-a 
only in the C-95/C-102 region (Figure 6-1) [3]. In 2013, Uchida et al. [17] proposed a LC-
QTOFMS method in both positive and negative ion modes for structural characterization of 
ovatoxins IKA2, it allowed to identify sites where such compounds are different from the 
Mediterranean OVTXs.  
 
In this paper we report on the chemical analysis of O. cf. ovata strains from Spain where blooms 
of Ostreopsis spp. have been reported since 2001 [20]. O. cf. ovata was the dominant species but 
occasionally coexisted with O. cf. siamensis [9]. In some cases, blooms have caused respiratory 
distress in humans [9, 10, 21]. Although studies based on LC with fluorescence detection (LC-
FLD) and LC-MS have highlighted the presence of palytoxin-like compounds in some Spanish 
strains [23], algal toxin profiles have not been detailed yet [9]  
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Since the summer of 2011, the presence of O. cf. ovata has been detected in the south of 
Catalonia at the Ebro River Delta (Carnicer et al., submitted). Several strains of O. cf. ovata were 
isolated from this area and included in the Mediterranean clade according to their genetic 
characterization.  
 
We here report on LC-HRMSn quali-quantitative investigation of the toxin profile of six cultured 
O. cf. ovata strains from the Ebro River Delta. Besides identifying the most common ovatoxins 
in the algal extracts, we gained structural insights into putative PLTX and the novel ovatoxin-g.  
6.2  Materials and Methods 
6.2.1 Chemicals and Materials 
For extraction, methanol gradient grade for HPLC was purchased from Merck (Darmstadt, 
Germany) and ultrapure water was obtained through a Milli-Q purification system (resistivity 
>18 MW•cm) from Millipore (Bedford, MA). For LC-MS analyses, acetonitrile (HPLC grade) 
and water (HPLC grade) were purchased from Sigma Aldrich (Steinheim, Germany). Glacial 
acetic acid (laboratory grade) was purchased from Carlo Erba (Milan, Italy). Palytoxin standard 
(from Palythoa tuberculosa) was purchased from Wako Chemicals GmbH (Neuss, Germany). 
An Adriatic O. cf. ovata extract previously characterized (strain OOAN0601) [22] was used as 
reference for the Mediterranean ovatoxins. 
6.2.2 Collection, Identification and Culturing of Ostreopsis cf. ovata strains 
Six strains of O. cf. ovata (IRTA-SMM-11-10 from August 2011, IRTA-SMM-12-38, IRTA-
SMM-12-46, IRTA-SMM-12-51, IRTA-SMM-12-57 and IRTA-SMM-12-62 from August 2012) 
were isolated from macroalgae samples (Jania rubens) collected in south Catalonia rocky coasts. 
Cells were isolated by the capillary method [23] and identified under an inverted microscope 
(Leica DM-IL). Full detailed description of the isolation, morphological and genetic 
characterization of the O. cf. ovata strains is described in Carnicer et al. 2014 (submitted). 
Cultures were made in 500 mL with autoclaved natural filtered seawater and one of them 
(IRTA-SMM-11-10) was scaled-up to 4 L. Salinity was set at 36, temperature at 24oC, and 
illumination was set to 100 µmol photons m-2·s-1 under 12:12-h light:dark photoperiod. 
Extraction of DNA was performed according to Andree et al. [24] and polymerase chain 
reaction (PCR) conditions were set as in Sato et al. [25]. Resulted fragments of rRNA were 
sequenced bidirectionally by Sistemas Genómicos LLC (Valencia, Spain). Molecular analyses 
confirmed the identity of O. cf. ovata in all the strains. 
Cell counting was performed in aliquots of each culture using the Utermöhl method [26] as 
described in Carnicer et al. 2014 (submitted). Cultures were collected in the late stationary 
phase. Cell abundances where 3.6·106 cell/L in IRTA-SMM-11-10, 5.3·105 cell/L in IRTA-SMM-
12-38, 9.0·105 cell/L in IRTA-SMM-12-46, 6.2·105 cell/L in IRTA-SMM-12-51, 7.1·105 cell/L in 
IRTA-SMM-12-57 and 5.2·105 cell/L in IRTA-SMM-12-62. The cultures were filtered under 
mild vacuum conditions thought 0.45 µm GF filters and stored at -80oC until extraction.  
6.2.3 Extraction 
Cell pellets on filters were extracted with 5 mL of methanol/water solution (80:20, v/v), vortex-
mixed for 30 seconds by MS2 Minishaker (IKA Labortechnik, Staufen, Germany) and sonicated 
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for 35 minutes in pulse mode at 37% amplitude with in an ultrasonic processor Vibra-CellTM 
(Sonics and Materials, Inc., Newton, CT, USA) while cooling in ice bath. The mixture was 
centrifuged at 2000 rpm for 10 minutes using Jouan MR 23i Centrifuge (Thermo Fisher 
Scientific Inc., Waltham, MA, USA) and the supernatant was decanted and then filtered by 0.45 
ϪNOZMPONFNCSBOFTZSJOHFGJMUFST5IJTQSPDFEVSFXBTSFQFBUFEUISJDF5IFFYUSBDUTXFSF
combined, evaporated and made up to a final volume of 10 mL with the extracting mixture. 
Extraction was slightly modified for strain IRTA-SMM-11-10 (scaled up culture), its filters were 
extracted thrice with 10 mL of methanol/water solution (80:20, v/v) and made up to a final 
volume of 20 mL. The extracts were stored at -20ºC until analyses. 
6.2.4 Liquid Chromatography-High Resolution Mass Spectrometry (LC- HRMS) 
The analysis were performed on a hybrid linear ion trap LTQ Orbitrap XL™ Fourier transform 
mass spectrometer (FTMS) equipped with an ESI ION MAX™ source (Thermo Fisher, San José, 
USA) coupled to an Agilent 1100 LC binary system (Palo Alto, CA, USA). The following LC-
HRMS method developed by Ciminiello et al (submitted) was used, slightly modifying the 
gradient condition to achieve a complete chromatographic resolution of the new ovatoxins. A 
column of 2.7 µm Poroshell 120 EC-C18, 100 x 2.10 mm (Agilent), was kept at room 
temperature and eluted at 0.2 mL/min with water (eluent A) and 95% acetonitrile/water (eluent 
B), both containing 30 mM acetic acid. Gradient elution was 28-29% B in 10 min., 29-30% B in 
10 min., 30-100% B in 1 min, and hold for 1 min. Re-equilibration time was 13 min. Injection 
volume was 5 µL.  
 
High Resolution full MS experiments (positive ions) were acquired in the m/z 700-1600 range at 
a resolving power of 60,000. The following source settings were used: spray voltage = 4.8 kV, 
capillary temperature = 290 ºC, capillary voltage = 50 V, sheath gas flow = 32 and auxiliary gas 
flow = 4 (arbitrary units), tube lens voltage = 130 V.  
 
High Resolution collision induced dissociation (CID) MS2 experiments were acquired at a 
resolving power of 60,000 (FWHM at m/z 400) using a collision energy (CE) = 35%, isolation 
width (IW) = 4.0 Da, activation Q = 0.250 and activation time (at) = 30 msec. The precursors 
were [M+H+Ca]3+ ions at m/z 906.8 (pPLTX and PLTX), m/z 896.1 (OVTX-a), m/z 910.8 
(OVTX-b), m/z 916.1 (OVTX-c), m/z 901.4 (OVTX-d and -e) and m/z 890.8 (OVTX-g).  
 
Calculation of elemental formulae was performed on the mono-isotopic peak of each ion cluster 
using Xcalibur software v2.0.7. with a mass tolerance of 3 to 5 ppm. The following constrains 
were used in assignment of molecular formulae: C 50 to 200, H 80 to 300, O 5 to 80, N 1 to 3, 
assorted cations (Ca, Mg, Na, K) 0 to 1. The isotopic pattern of each ion cluster was taken into 
consideration in assigning molecular formula.  
 
An external standard calibration curve at four levels of concentration (25, 50, 100 and 1000 
ng/mL) was prepared by serial dilution of the palytoxin standard 1000 ng/mL in methanol:water 
(1:1 v/v) and was used in quantitative analyses. The calibration curve was obtained from 
triplicate injections. Extracted ion chromatograms (XIC) for all palytoxin-like compounds were 
obtained by selecting the three most abundant ion peaks of both [M+H+Ca]3+ and [M+2H-
H2O]2+ ion clusters [2, 19]. Concentration was quantified against the external standard 
calibration curves by less squared adjustment of the linear regression (Area (cps) = 
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10147·[PLTX] (ng/mL) - 124714) using chromatographic peak area integrated manually. 
Instrumental limit of quantification was measured (ILQ= 6 ng/mL). Analytical standards for 
pPTLX and OVTXs are not available, thus quantification was performed assuming that these 
compounds would have the same molar response as PLTX.  
6.3 Results and Discussion 
Six batch-cultures of O. cf. ovata strains from the Ebro River Delta were extracted and their 
toxin profiles characterized by LC-HRMS experiments. A newly developed method for 
ovatoxins (Ciminiello et al., 2014 submitted) was used to analyze the crude extracts under very 
slow gradient elution. This allowed baseline chromatographic separation of all palytoxin-like 
compounds contained in the extracts (Figure 6-2). The analyses of the extracts were carried out 
in parallel with a palytoxin standard (from P. tuberculosa) and with an Adriatic O. cf. ovata 
extract previously characterized [22] that was used as reference for the Mediterranean ovatoxins. 
All the samples were analyzed under the same experimental conditions. 
 
pPLTX
pPLTX
RT = 8.34
OVTX-a
RT = 11.82
OVTX-a
OVTX-b
OVTX-c
OVTX-e
OVTX-g
OVTX-b
RT = 10.87
OVTX-c
RT = 8.87
OVTX-d
RT = 9.68
OVTX-g
RT = 14.35
Isobaric OVTX-g
RT = 13.38
OVTX-d
OVTX-e
RT = 10.27
7 8 9 10 11 12 13 14 15 16 17
Time (min)  
Figure 6-2. TIC of O. cf. ovata strain IRTA-SMM-11-10 (top trace) and XIC of the [M+H+Ca]3+ 
ions of each toxin (mass tolerance 3 ppm). Analysis were carried out in full HRMS positive ion 
mode in the mass range m/z 700-1600. Under the same experimental conditions, PLTX 
standard eluted at 10.72 min. 
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All of the six analyzed O. cf. ovata extracts contained OVTX-a, -b, -c, -d, -e and pPLTX, whose 
presence was ascertained by:  
a) comparison of retention times of individual compounds with those of toxins contained 
in the Adriatic extract,  
b) ion profile of PLTX-like compounds in full HRMS spectra (mass range m/z 700-1600), 
which represents the fingerprint of this class of molecules [2].  It consists of triply-
charged ions in the region m/z 830-950 and doubly-charged ions in the region m/z 
1250-1400 (Table 6-1, Sup. Mat. Figure 6-1). Among them,  [M+H+Ca]3+ and [M+2H-
H2O]2+ ions are the most intense,  
c) elemental formula assigned to the mono-isotopic ion peak of each of the formed ions 
(mass tolerance <3ppm, Table 6-1),  
d) consistency of the isotopic pattern of each ion with that simulated for the expected 
elemental formula,  
e) fragmentation behavior of individual compounds in LC-HRMS2 spectra compared to 
that of ovatoxins contained in the Adriatic extract used as reference.  Results were 
interpreted according to the previous work on PLTX and OVTX-a [19]. 
 
Figure 6-2 shows the total ion chromatogram (TIC) of a representative O. cf. ovata extract of our strains 
(IRTA-SMM-11-10) and extracted ion chromatograms (XIC) of [M+H+Ca]3+ ions of individual 
palytoxin-like compounds. Relative abundance of each toxin to the total toxin content was similar to that 
observed for most of the Mediterranean O. cf. ovata strains analyzed so far [2, 3, 27-29]. In particular, in 
this representative sample, OVTX-a accounted for 52% of the total toxin content, followed by OVTX -b 
(29%), OVTX -e (7%), OVTX -d (6%), OVTX -c (4%), and pPLTX (0.5%). The six O. cf. ovata strains 
presented the same toxin profile and similar relative abundance, but total toxin contents were quite 
different ranging from 50 to 250 pg/cell (Table 6-2). Toxin content on a per cell basis was in most cases 
higher than that reported for other Mediterranean O. cf. ovata strains (7.5 to 75 pg/cell) and quite similar 
to that recently reported for a strain  from the French Mediterranean coast (up to 300 pg/cell) [2, 3, 15, 27, 
29, 30].  
 
Under the used conditions, pPLTX eluted about 2 min earlier than palytoxin standard, which 
indicated that pPLTX was indeed an isomer (either structural or stereo-isomer) of PLTX itself. 
In addition, the analysis of full HRMS spectra associated to the region of TIC nearby OVTX-a 
revealed the presence in all the extracts of two new isobaric ovatoxins eluting at 13.38 min and 
14.35 min respectively, each of them accounting for 0.7% of the total toxin content. We referred 
to these compounds as ovatoxin-g (OVTX-g) and isobaric OVTX-g. This prompted us to 
further analyze these molecules on the basis of their full HRMS and collision-induced 
dissociation (CID) MSn behavior. The obtained results were interpreted in the light of palytoxin 
and ovatoxin-a (17,44,64-trideoxy-42-hydroxypalytoxin) fragmentation behavior [19], whose 
structures had been confirmed by NMR [13]. The resulting structural hypotheses are reported 
below.  
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Table 6-2. Total toxin content on a per cell basis (pg/cell) and relative abundance (%) of pPLTX 
and OVTXs in the 6 analyzed O. cf. ovata strains from south Catalonia rocky coasts (NW 
Mediterranean Sea). 
 Strain name 
Total toxin 
content 
(pg/cell) 
Relative abundances (%) 
pPLTX OVTX-a OVTX-b OVTX-c OVTX-d OVTX-e OVTX-g 
IRTA-SMM-11-10 50 0.5 52 29 4 7 6 0.7 
IRTA-SMM-12-38 143 0.3 58 25 3 6 6 0.7 
IRTA-SMM-12-46 140 0.6 53 26 5 8 6 0.9 
IRTA-SMM-12-51 102 0.6 55 21 6 8 8 0.6 
IRTA-SMM-12-57 104 0.7 55 22 6 8 7 0.6 
IRTA-SMM-12-62 250 0.4 59 20 4 7 7 0.9 
 
6.3.1 Putative palytoxin 
Full HRMS spectra of pPLTX and PLTX appeared superimposable in terms of diagnostic ions 
and their relative intensities (Figure 6-3). Ion assignment (Table 6-1) indicated that pPLTX had 
the same molecular formula as palytoxin (C129H223N3O54, theoretical mass m/z 2678.4790, RBD 
20.0) [5, 6].  
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Figure 6-3. Full HRMS spectra of palytoxin standard and putative palytoxin (m/z 700-1600) 
zoomed in m/z 830-950 and m/z 1250-1400 ranges. Elemental formula assignment of triply and 
doubly charged ions. n.d. = not detected. * = ions corresponding to co-eluting palytoxin-like 
compounds, still under investigation. 
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Structural differences between PLTX and pPLTX have been assessed by interpretation of  their 
full HRMSn spectra of the [M+H+Ca]3+ ion at m/z 906.8. Elemental formulae assigned to all the 
fragment ions are listed in Table 6-3. Figure 6-4 shows the structural hypotheses based on the 
observed cleavages.  
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Figure 6-4. Tentative planar structure of putative palytoxin (C129H223N3O54) including all the 
cleavages emerging from its HRMS2 spectrum. Assignment of fragment ions is reported in 
Table 6-3. 
The key cleavages highlighting the structural differences between the two analogs are discussed 
below. The first such cleavage was #4 that produced an A-side fragment at m/z 343.1863 
(C16H27O6N2) in pPLTX as opposed to that of PLTX at m/z 327.1910 (C16H27O5N2). Therefore, 
pPLTX was deduced to possess one oxygen more than PLTX in the region stretching from the 
A-side terminal to C-8. Consistently, the B-side moiety due to cleavage #4 yielded a fragment 
containing one O less than the relevant fragment in PLTX. 
 
Unlike #4, cleavages #11 and #12 produced doubly-charged A-side fragments (C40H72O17N2Ca 
and C52H92O19N2Ca) in pPLTX identical to the relevant fragments in PLTX. This suggested that 
pPLTX in comparison to PLTX lacked one O in the part structure stretching from C-9 to C-41. 
A cross interpretation of the internal fragments relevant to the part structures C-17 to C-41 
(cleavage #7+#12) and C-18 to C-41 (cleavage #8+#12) provided insightful structural details. In 
fact, the fragment stretching from C-17 to C-41 possessed one oxygen less than PLTX, while the 
C-18 to C-41 fragment appeared identical to that of PLTX (Table 6-3). Hence,  pPLTX turned 
out to lack the hydroxyl group at C-17, in analogy with OVTX-a.  
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Moving along the structural determination of pPLTX, cleavage #13 originated an A-side 
fragment featuring again an extra oxygen atom compared to PLTX. As cleavage #12 gave rise to 
an A-side fragment superimposable to that of PLTX, it was inferred that the additional oxygen 
was reasonably present at position 42. This was once again in accordance with the chemical 
structure of OVTX-a (Figure 6-1). Fragment ions deriving from cleavages #14 through #17 
showed that the PLTX and pPLTX shared the same C-43 to C-50 part structure. 
 
Further differences between the two toxins were deduced by a comparative analysis of the 
elemental formulae of fragments deriving from cleavages #18 (C-52/C53) and #19 (C-78/C-79). 
In particular, the pPLTX B-side fragment due to cleavage #18 lacked one oxygen with respect to 
PLTX, while the A-side fragment consequent to cleavage #19 matched again that of PLTX. Thus, 
one oxygen was missing in the region stretching from C-53 to C-78. As already observed for 
other palytoxin-like compounds further fragmentation does not occur in this region [19], thus 
preventing us to identify the exact position of the structural modification. However, by analogy 
with OVTX-a, it was reasonable to hypothesize that pPLTX was dehydroxylated at position 64. 
In order to more deeply investigate the C-53/C-78 segment, the Uchida et al. approach [17] was 
applied. This method is based on MS/MS analysis of conjugated polyenes produced from polyol 
structures through subsequent water losses. According to the authors, the serial loss of water 
molecules comes to an end when there are no more hydroxyl groups properly located to extend 
the conjugation process. Such a method was successfully applied to gain structural information 
on palytoxin analogs basing on the number of water losses observed in MS2 spectra [17].  
 
We successfully applied the Ukida et al. method to OVTX-a, contained at a concentration level 
of 6 g/mL in the O. cf. ovata extract. In the part structure under investigation (C-53/C-78), the 
most favored cleavage #16 (C-48/C-49) was selected for this approach. The B-side fragment ion 
due to this cleavage in OVTX-a underwent six water losses (Sup. Mat. Figure 6-2), consistent 
with the dehydroxylation at C-64 of this molecule [13] (Figure 6-1).  
 
On the contrary, in the case of pPLTX, cleavage #16 generated a B-side fragment ion 
accompanied by only three detectable water losses. Even if this apparently points to a 
dehydroxylation at C-57 for pPLTX, we don't feel like excluding that the low concentration of 
pPLTX in the extract (168 ng/mL) may have limited the detectable number of water losses. 
 
It should be noted that putative palytoxin contained in the O. cf. ovata  reference extract from 
the Adriatic Sea eluted practically at the same retention time (8.33 min) as pPLTX in the strain 
IRTA-SMM-11-10. However, concentration of pPLTX in the Adriatic sample impeded the 
acquisition of HRMSn spectra needed to fully confirm that both pPLTXs were actually the same 
compound.   
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Table 6-3. Assignment of A-side, B-side and internal fragments contained in HRMS2 spectra of 
palytoxin standard and putative palytoxin to relevant cleavages (#Clv) reported in Figure 6-4. 
Elemental formulae of the monoisotopic ion peaks (m/z) are reported together with number of 
water losses (-nH2O) and relative double bonds (RDB). Mass errors were below 5 ppm in all 
cases. n.d. =  not detected.  
 
  Palytoxin Putative palytoxin 
 
A-side B-side A-side B-side 
#Clv  m/z (-nH2O)  m/z (-nH2O)  m/z (-nH2O)  m/z (-nH2O) 
  Formula (RDB) Formula (RDB) Formula (RDB) Formula (RDB) 
#4 327.1910 (1+) (-1H2O) 1187.1212 (2+) (-6H2O)  343.1863 (1+)  1179.1206 (2+) (-4H2O) 
C16H27O5N2 (4.5) C113H195O48NCa  (17.0) C16H27O6N2 (4.5) C113H195O47NCa (17.0) 
791.7500 (3+)(-4H2O)  n.d. 
    C113H196O48NCa (16.5)   
#11 446.2212 (2+) (-2H2O)      446.2221 (2+)      
  C40H72O17N2 Ca (6.0)   C40H72O17N2Ca (6.0)    
#12 544.2943 (2+) (-2H2O)  807.8890 (2+) (-1H2O)  544.2945 (2+) n.d. 
  C52H92O19N2Ca (8.0) C77H125O32NCa (16.0) C52H92O19N2Ca (8.0)  
#13 566.3074 (2+) (-2H2O)  803.8863 (2+) (-1H2O)  574.3051(2+)  n.d. 
  C54H96O20N2Ca (8.0) C75H123O33NCa (14.0) C54H96O21N2Ca (8.0) 
#14 572.3074 (2+) (-1H2O) 797.8860 (2+) (-2H2O)  
 
762.8721(2+) (–H2O)   
  C55H96O20N2Ca (9.0)  C74H125O33NCa (13.0)  C74H119O29NCa (14.0)  
#15 596.3179 (2+) (-3H2O)  782.8808 (2+)(-3H2O)  604.3157 (2+) (-2H2O)  n.d. 
  C56H100O22N2Ca (8.0) C73H123O32NCa (13.0)  C56H100O23N2Ca (8.0)  
1526.8077 (1+)(-3H2O) 1510.8142 (1+)(-3H2O)  
    C73H124O32N (12.5)    C73H124O31N(12.5)  
#16 633.3363 (2+) (-3H2O)  745.8624 (2+)(-5H2O) 641.3340 (2+) (-2H2O)  737.8661 (2+)(-3H2O)  
 
C59H106O24N2Ca (8.0) C70H117O30NCa (13.0) C59H106O25N2Ca (8.0) C70H117O29NCa (13.0)  
  
1452.7713 (1+)(-5H2O) 
 
1436.7777 (1+) (-3H2O)  
  C70H118O30N (12.5)   C70H118O29N (12.5)  
#17 647.3337 (2+) (-2H2O)  1406.7658 (1+) (-3H2O)  655.3317 (2+) (-1H2O)  n.d. 
  C60H106O25N2Ca (9.0) C69H116O28N (12.5) C60H106O26N2Ca (9.0)  
#18 694.8289 (2+) (-3H2O)   686.8316 (2+) 
    C65H107O28NCa (13.0)   C65H107O27NCa (13.0)  
#19 948.4986(2+)  804.4366 (1+) (-1H2O)  948.5029 (2+)  n.d. 
  C90H156O37N2Ca (14.0) C39H66O16N (7.5) C90H156O37N2Ca (14.0) 
 #20 n.d.  n.d. n.d. n.d.
          
#21 1129.5955 (2+) (-4H2O)  406.2217 (1+) (-1H2O)  1129.5965 (2+)  n.d. 
  C107H186O45N2Ca (16.0) C22H32O6N (7.5) C107H186O45N2Ca (16.0)    
#22 1144.6011 (2+) (-2H2O)  
 
n.d. 
   C108H188O46N2Ca (16.0)     
#23 1174.6123 (2+) (-4H2O) n.d. 
  C110H192O48N2 Ca (16.0)       
#24 1215.6323 (2+) (-1H2O) n.d. 
  C115H198O49N2Ca (18.0)       
#25 1222.6411 (2+) (-3H2O)  n.d. 
  C116H200O49N2Ca (18.0)       
#26 1235.6480 (2+) (-4H2O) n.d. 
  C118H202O49N2Ca (19.0)       
#27 1236.6335 (2+) (-4H2O)  
 
n.d. 
   C117H200O50N2Ca (19.0)     
#28 1321.6819 (2+) (-3H2O)    n.d. 
   C117H200O53N2Ca (21.0)       
  Palytoxin Putative palytoxin 
Internal fragments Internal fragments 
#Clv  m/z (-nH2O)  m/z (-nH2O) 
 Formula (RDB) Formula (RDB) 
#4+#12 372.1975 (2+) n.d. 
 C36H64O13Ca (5.0)  
 743.3878 (1+)  n.d. 
 C36H63O13Ca (5.5)  
#4+#13 394.2105 (2+)  n.d. 
 C38H68O14Ca (5.0)  
#4+#15 424.2210 (2+) (-1H2O)  n.d. 
 C40H72O16Ca (5.0)  
#4+#16 461.2389 (2+) (-2H2O)   n.d. 
 C43H78O18Ca (5.0)  
#5+#12 657.3511(1+)  n.d. 
 C32H57O11Ca (4.5)  
#6+#12 n.d. 567.3244 (1+) (-1H2O)    
  C29H51O8Ca (4.5) 
#7+#12 537.3088 (1+) (-1H2O)    521.3145 (1+) 
 C28H49O7Ca (4.5) C28H49O6Ca (4.5) 
#8+#12 507.2982 (1+)  507.2983(1+)  
 C27H47O6Ca (4.5) C27H47O6Ca (4.5) 
#9+#12 477.2877(1+)  477.2888 (1+)  
 C26H45O5Ca (4.5) C26H45O5Ca (4.5) 
#10+#12 447.2771 (1+) (-1H2O)     447.2770 (1+)  
 C25H43O4Ca (4.5) C25H43O4Ca (4.5) 
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6.3.2 Ovatoxin-g 
The full HRMS spectrum of ovatoxin-g (Rt = 14.35 min) showed, the most intense triply- and 
doubly-charged ion at m/z 890.4870 and m/z 1307.2486 (mono-isotopic peaks). According to 
the expected ionization behavior of palytoxin-like compounds [2, 3, 18], these ions were 
assigned to [M+H+Ca]3+ and [M+2H-H2O]2+, respectively. A cross-check of elemental formulae 
of all the ions contained in the spectrum (Table 6-1) pointed to an elemental formula for 
ovatoxin-g of C129H223N3O51 (theoretical mass m/z 2630.4943, RBD 20.0) displaying one O less 
than OVTX-a (C129H223N3O52). Figure 6-5 shows the full HRMS spectrum of OVTX-g in 
comparison with that of OVTX-a. 
 
Ovatoxin-a – Triply charged ions
RT: 11.82 min
Max. Height 1.32 · 106
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Figure 6-5. Full HRMS spectra of ovatoxin-a and ovatoxin-g (m/z 700-1600) zoomed in m/z 
830-950 and m/z 1250-1400 ranges. Elemental formula assignment of triply and doubly 
charged ions. n.d. = not detected. 
 
It is noteworthy that the [M+H+Ca]3+ ion of OVTX-g (m/z 890.4870) is only 6.7 mDa lower 
than the [M+H+Mg]3+ ion of OVTX-a (m/z 890.4937) and a resolving power of 150,000 
(FWHM) would be needed to resolve ion peaks at 50% of peak width (Sup. Mat. Figure 6-3). 
Thus, quantification of OVTX-g based on XICs of the calcium adduct might be biased if 
chromatographic separation between OVTX-a and OVTX-g is not achieved.  
Positive HRMS2 spectrum of the m/z 890.8 was acquired to gain structural insights into 
ovatoxin-g and identify the specific site(s) of difference between OVTX-g and –a. Figure 6-6 
shows the structural hypotheses for OVTX-g based on the observed fragmentations. Table 6-4 
reports elemental formulae assigned to each fragment.  
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Table 6-4. Assignment of A-side, B-side and internal fragments contained in HRMS2 spectra of 
ovatoxin-a and ovatoxin-g to relevant cleavages (#Clv) reported in Figure 6-6. Elemental 
formula of the monoisotopic ion peaks (m/z) are reported together with number of water losses 
observed in the spectra (-nH2O) and relative double bonds (RDB). Mass errors were below 5 
ppm in all cases. n.d. = not detected 
 
  Ovatoxin-a Ovatoxin-g 
A-side B-side A-side B-side 
#Clv  m/z (-nH2O)  m/z (-nH2O)  m/z (-nH2O)  m/z (-nH2O) 
  Formula (RDB) Formula (RDB) Formula (RDB) Formula (RDB) 
#4 327.1906 (1+) (-1H2O) 1171.1254 (2+)(-6H2O)  327.1906 (1+) (-1H2O)  1163.1261 (2+)(-5H2O) 
 
C16H27O5N2 (4.5) C113H195O46NCa  (17.0) C16H27O5N2 (4.5) C113H195O45NCa (17.0)  
781.0860 (3+)(-3H2O)  769.7508 (3+)(-1H2O) 
    C113H196O46NCa (16.5)   C113H196O46NCa (17.5) 
#11 438.2238 (2+) (-2H2O)       n.d.   
  C40H72O16N2 Ca (6.0)       
#12 536.2965 (2+) (-2H2O)  799.8905 (2+) (-1H2O)  536.2958 (2+) (-1H2O)  n.d. 
  C52H92O18N2Ca (8.0) C77H125O31NCa (16.0) C52H92O18N2Ca (8.0)   
#13 566.3071(2+) (-2H2O)  778.8855 (2+) (-3H2O)  n.d. n.d. 
  C54H96O20N2Ca (8.0) C75H123O30NCa (15.0) 
#14 n.d. n.d. 
          
#15 588.3201 (2+) (-3H2O)  774.8829 (2+)(-3H2O)  588.3195 (2+) (-2H2O)   766.8841 (2+)(-2H2O) 
  C56H100O21N2Ca (8.0) C73H123O31NCa (13.0)  C56H100O21N2Ca (8.0)  C73H123O30NCa (13.0)   
1510.8122 (1+)(-3H2O) 1494.8126 (1+)(-3H2O) 
    C73H124O31N (12.5)    C73H124O30N (12.5) 
#16 625.3385 (2+) (-3H2O)  737.8646 (2+)(-5H2O) 617.3406 (2+) (-2H2O)   737.8642 (2+)(-3H2O)  
 
C59H106O23N2Ca (8.0) C70H117O29NCa (13.0) C59H106O22N2Ca (8.0) C70H117O29NCa (13.0) 
  
1436.7757 (1+)(-6H2O) 
 
1436.7749 (1+) (-3H2O)   
  C70H118O29N (12.5)   C70H118O29N (12.5)  
#17 639.3359 (2+) (-3H2O)  1390.7716 (1+) (-3H2O)  631.3374 (2+) (-1H2O)    n.d. 
  C60H106O24N2Ca (9.0) C69H116O27N (12.5) C60H106O23N2Ca (9.0)   
#18 
 
686.8308 (2+) (-2H2O)   
 
n.d. 
   C65H107O27NCa (13.0)  
 #19 932.5032 (2+)  804.4360 (1+) (-1H2O)  924.50291 (2+)  n.d.
  C90H156O35N2Ca (14.0) C39H66O16N (7.5) C90H156O34N2Ca (14.0)   
#20 n.d.  n.d. n.d. n.d. 
          
#21 1113.6005 (2+) (-3H2O)  406.2216 (1+) (-2H2O)  1105.6007 (2+) (-2H2O)     n.d. 
  C107H186O43N2Ca (16.0) C22H32O6N (7.5) C107H186O42N2Ca (16.0)   
#22 1128.6053 (2+) (-2H2O)  n.d. 
  C108H188O44N2Ca (16.0)       
#23 1158.6164 (2+) (-3H2O) n.d. 
  C110H192O46N2 Ca (16.0)       
#24 1199.6367 (2+) (-1H2O) n.d. 
  C115H198O47N2Ca (18.0)       
#25 1206.6449 (2+) (-4H2O)  1190.1423 (2+) (-1H2O)      
  C116H200O47N2Ca (18.0)   C116H200O46N2Ca (18.0)    
#26 1219.6517 (2+) (-4H2O) 
 
n.d. 
   C118H202O47N2Ca (19.0)     
#27 1220.6386 (2+) (-5H2O)  
 
n.d. 
   C117H200O48N2Ca (19.0)     
#28 n.d.  n.d. n.d. n.d. 
          
  Ovatoxin-a Ovatoxin-g 
Internal fragments Internal fragments 
#Clv  m/z (-nH2O)  m/z (-nH2O) 
 Formula (RDB) Formula (RDB) 
#4+#12 364.1999 (2+) n.d. 
 C36H64O12Ca (5.0)  
 727.3924 (1+)  727.3920 (1+)  
 C36H63O12Ca (5.5) C36H63O12Ca (5.5) 
#4+#13 394.2104 (2+)  n.d. 
 C38H68O14Ca (5.0)  
#4+#15 416.2234 (2+) (-2H2O)  416.2224 (2+) (-1H2O)  
 C40H72O15Ca (5.0) C40H72O15Ca (5.0) 
#4+#16 453.2415 (2+) (-1H2O)   n.d. 
 C43H78O17Ca (5.0)  
#5+#12 641.3557 (1+)  641.3554 (1+)  
 C32H57O10Ca (4.5) C32H57O10Ca (4.5) 
#6+#12 n.d. n.d. 
   
#7+#12 521.3136 (1+) (-1H2O)    521.3134 (1+)  
 C28H49O6Ca (4.5) C28H49O6Ca (4.5) 
#8+#12 507.2979 (1+)  507.2975 (1+)  
 C27H47O6Ca (4.5) C27H47O6Ca (4.5) 
#9+#12 477.2875 (1+)  477.2866 (1+)  
 C26H45O5Ca (4.5) C26H45O5Ca (4.5) 
#10+#12 447.2771 (1+) (-1H2O)     447.2760 (1+) (-1H2O)      
 C25H43O4Ca (4.5) C25H43O4Ca (4.5) 
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Figure 6-6. Tentative planar structure of ovatoxin-g (C129H223N3O51) including all the cleavages 
emerging from its HRMS2 spectrum (Table 6-4). Assignment of fragment ions is reported in 
Table 6-4. Cleavage numbering was performed according to Ciminiello et al. [19] 
The first crucial information on OVTX-g was provided by cleavage #4 that originated an A-side 
fragment ion (m/z 327.1906, C16H27O5N2) identical to that of OVTX-a and a B-side fragment ion 
(C113H195O45NCa) with one O less than that observed for OVTX-a (C113H195O46NCa). So, the two 
molecules shared the same A-side terminal-C-8 part structure. The structural analogy between 
the two OVTXs was extended up to C-45 in the light of cleavage #15 that still generated identical 
A-side fragment ions for both OVTXs. This was confirmed by internal fragments due to double 
cleavages that were the same for both compounds (Table 6-4). 
 
The first difference in the elemental formulae of the A-side fragment ions of the two toxins 
appeared with cleavage #16, which generated an A-side fragment in OVTX-g displaying one O 
less (C59H106O22N2Ca) than OVTX-a (C59H106O23N2Ca) and B-side fragments with the same 
elemental formulae. This clearly indicated that the structural difference between OVTX-g and 
OVTX-a lied in the region stretching from C-46 to C-48. Reasonably, the missing oxygen atom 
is that belonging to the alcoholic functionality at C-46, as the other O is involved in a hemiketal 
functionality.  
 
All the A-side fragments generated by cleavages #17, #19, #21 and #25 in OVTX-g presented one 
O less than in OVTX-a (Table 6-4), which was consistent with the hypothesis that the only 
structural difference between the two toxins was the missing O at C-46. So, by analogy with 
OVTX-a, OVTX-g would be dehydroxylated at C-64. However, isomerism in this region cannot 
be discarded. The already mentioned approach proposed by Uchida et al. was applied [17] also 
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to OVTX-g. The B-side fragment ion due to cleavage #16 underwent only three detectable water 
losses (Sup. Mat. Figure 6-2), so OVTX-g could lack the hydroxyl at C-57. However, such as for 
pPLTX, OVTX-g concentration in the crude extract (235 ng/mL) might be constraining the 
number of water losses detected. 
 
Besides OVTX-g (Rt 14.35 min), XIC of [M+H+Ca]3+ ion at m/z 890.4870 displayed another 
peak eluting about one minute earlier (Figure 6-2). Its full HRMS spectrum showed a similar ion 
profile as OVTX-g, which suggested that it was an OVTX-g isomer. However, the fragmentation 
behavior in the HRMS2 spectrum of this compound was significantly different from that we have 
usually observed for palytoxins, thus preventing us from any reliable interpretation.  
 
6.4 Conclusions 
The LC-HRMS analyses of cultures of O. cf. ovata from the Ebro River Delta allowed to 
highlight the presence in the extracts of the novel ovatoxin-g. HRMS2 studies provided insights 
into the structure of this new ovatoxin in addition to disclosing that putative palytoxin is indeed 
a structural isomer of palytoxin itself. Compared to palytoxin, putative palytoxin from the 
analyzed O. cf. ovata strains is hydroxylated at C-42 and dehydroxylated at C-17 and most likely 
at C-64 (like OVTX-a). In addition, an-extra oxygen is contained in the segment stretching from 
the A-side terminal to C-8. Compared to ovatoxin-a, ovatoxin-g is dehydroxylated at C-46.  
 
Both pPLTX and OVTX-g were contained in algal extracts at levels too low for a full NMR-
based study and LC-HRMSn structural investigation was carried out directly in crude extract at 
ng/mL levels, with no need for derivatization.  
 
The ever growing number of palytoxins being discovered makes even more urgent the need of 
evaluating the toxicity on humans of this class of compounds. The study of mechanisms of 
action and potency of individual palytoxin-like compounds should be performed to ensure a 
correct risk assessment of Ostreopsis-related syndromes. 
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Sup. Mat. Figure 6-1 (A to H). Full HRMS spectra of ovatoxins –a to –e, ovatoxin-g, an 
isobaric compound of ovatoxin-g, and putative palytoxin, (m/z 700-1600) zoomed into the 
intervals m/z 830-950 and m/z 1250-1400. 
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Sup. Mat. Figure 6-1 (A to H). Full HRMS spectra of ovatoxins –a to –e, ovatoxin-g, an 
isobaric compound of ovatoxin-g, and putative palytoxin, (m/z 700-1600) zoomed into the 
intervals m/z 830-950 and m/z 1250-1400. 
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F) Isobaric of Ovatoxin-g 
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Sup. Mat. Figure 6-1 (A to H). Full HRMS spectra of ovatoxins –a to –e, ovatoxin-g, an 
isobaric compound of ovatoxin-g, and putative palytoxin, (m/z 700-1600) zoomed into the 
intervals m/z 830-950 and m/z 1250-1400. 
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H) Putative palytoxin 
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Sup. Mat. Figure 6-1 (A to H). Full HRMS spectra of ovatoxins –a to –e, ovatoxin-g, an 
isobaric compound of ovatoxin-g, and putative palytoxin, (m/z 700-1600) zoomed into the 
intervals m/z 830-950 and m/z 1250-1400. 
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A) Palytoxin standard 100 µg/mL (Maximum abundance 1.40·105 cps.) 
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B) Ovatoxin-a (Maximum abundance 3.21·104 cps.) 
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Sup. Mat. Figure 6-2 (A to D). HR CID MS2 spectrum of  [M+H+Ca]3+ ion of palytoxin standard 
(m/z 906.8), ovatoxin-a (m/z 896.2),  ovatoxin-g (m/z 890.8) and putative palytoxin (m/z 906.8). 
Zoom into the approx. m/z 1300-1500 region of the spectra to show the water losses produced 
by cleavage #16, B-side fragment. 
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C) Ovatoxin-g (Maximum abundance 1.60·104 cps.) 
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D) Putative palytoxin (Maximum abundance 8.84·103 cps.) 
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Sup. Mat. Figure 6-2 (A to D). HR CID MS2 spectrum of  [M+H+Ca]3+ ion of palytoxin standard 
(m/z 906.8), ovatoxin-a (m/z 896.2),  ovatoxin-g (m/z 890.8) and putative palytoxin (m/z 906.8). 
Zoom into the approx. m/z 1300-1500 region of the spectra to show the water losses produced 
by cleavage #16, B-side fragment. 
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Sup. Mat. Figure 6-3. Simulated mass spectrometry resolution of peaks m/z 890.4870 and m/z 
890.4937 (6.7 mDa difference) corresponding to the [M+H+Ca]3+ ion of OVTX-g and the 
[M+H+Mg]3+ ion of OVTX-a. Resolving power of 150,000 (FWHM) would be needed to resolve 
ion peaks at 50% of peak width. 
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7 General Discussion 
 
This thesis aimed to improve the application of liquid chromatography coupled to mass 
spectrometry (LC-MS) methods for the study of lipophilic and emerging toxins in a 
Mediterranean coastal estuarine system, where toxic microalgae blooms are usually a great 
concern for shellfish aquaculture and public health. Ever-developing analytical technologies 
based on LC-MS are one of the most powerful mitigation tools against harmful algae blooms 
(HAB), which constitute a fascinating research field.  
 
This study contributed to solve three current challenges of the study of toxic HABs by LC-MS:  
 
The first scientific contribution (Validation of LC-MS/MS chromatographic conditions for 
lipophilic toxins, Chapter 3) investigated the implementation of the most suitable monitoring 
strategy by the validation and improvement of the decision-making process of the optimum LC-
MS method for the determination of lipophilic marine toxins at IRTA, and assisted other 
laboratories in their own process. 
 
The second scientific contribution (Dinophysis bloom and DSP shellfish toxicity in Alfacs Bay, 
Chapter 4) addressed the unpredictability of toxic Harmful Algae Blooms by the study of the 
dynamics of diharretic toxins during a spring bloom dominated by Dinophysis sacculus in Alfacs 
Bay, providing relevant information to improve management measures for future blooms.  
 
The third and fourth scientific contributions (Confirmation of pinnatoxins and spirolides by 
HRMS, Chapter 5, and Ovatoxin-g and isomeric palytoxin by LC-HRMS, Chapter 6) reflected on 
the relevance of analytical techniques in the identification and confirmation of marine toxins by 
the study of emerging and new toxins using High Resolution MS technologies. Chapter 5 
showed the unambiguous confirmation for the first time of the emerging toxins cyclic imines 
(Pinnatoxin G and 13-desmethyl Spirolide C) in Catalonia. Chapter 6 reported the discovery 
and some structural insights on two novel palytoxin-like compounds (ovatoxin-g and isobaric 
palytoxin) from a strain of Ostreopsis cf. ovata isolated for the first time in our study area.  
 
Methods based on LC-MS were declared as the reference control method for lipophilic toxins in 
Regulation (European Commission) No. 15/2011, which references the Standard Operational 
Procedure written by the European Union Reference Laboratory for Marine Biotoxins 
(EURLMB) as guidelines for the rest of laboratories. However, this document leaves open the 
choice of the chromatographic conditions and the recovery correction approaches, although this 
selection is not trivial. Chromatographic conditions, characterized by pH and buffer system of 
the mobile phases, affect chromatographic selectivity, ionization yields, sensitivity elution order 
and matrix effects. Thus, the work described in Chapter 3 (Validation of LC-MS/MS 
chromatographic conditions for lipophilic toxins) aimed to be a wide-scope study of the possible 
alternatives to guide laboratories in the implementation of the most suitable conditions for their 
LC-MS methods. The study included six groups of marine lipophilic toxins: okadaic acid (OA) 
and dinophysistoxins (DTX-1 and DTX-2), pectenotoxins (PTX-2), azaspiracids (AZA-1), 
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yessotoxins (YTX), gymnodimines (GYM-a) and spirolides (SPX-1). Three concentration levels 
were evaluated (0.5, 1 and 1.5 times the maximum permitted levels in Europe) with three 
relevant matrices for the seafood industry (mussels, pacific oysters, clams and sea urchin) plus 
another poorly studied matrix (sea urchin); at four chromatographic conditions (pH 2, pH 6.8, 
pH 7.9 and pH 11), besides the comparison of two quantification strategies (external standard 
and matrix-matched standard) under alkaline conditions.  
 
Alkaline conditions with external calibration and recovery correction for OA were selected as 
the most proper conditions in the context of our laboratory. The performance of alkaline 
conditions in the intra-laboratory validation assessment met the quality criteria demanded by 
EURLMB, including acceptable limits of quantitation (LOQ) and manageable matrix effects. 
Moreover, alkaline conditions allowed detection windows with polarity switching in our 3200 
QTrap mass spectrometer, since toxins clustered according to their preferential electro-spray 
(ESI) polarity: OA, DTX-1, DTX-2 and YTX (ESI -) eluted at the beginning of the 
chromatograph, while AZA-1, PTX-2, GYM-a and SPX-1 (ESI +) eluted at the end. Thus the 
analysis of all toxins can be accomplished in a single run of 12 min, increasing sample 
throughput. On the other hand, alkaline conditions almost tripled the sensitivity for cyclic 
imines (GYM-a and SPX-1), and kept LOQs below 1.5 µg/kg tissue for mussels and oysters.  
 
The optimized and validated LC-MS method implemented at IRTA became an essential tool for 
the following studies. Chapter 4 (Dinophysis bloom and DSP shellfish toxicity in Alfacs Bay) 
describes the comprehensive study of a diarrhetic shellfish poisoning outbreak in Alfacs Bay, 
that included several types of samples: shellfish samples (mussels and oysters), phytoplankton 
concentrates (filters and net-haul samples) and solid phase adsorbing toxin tracking (SPATT) 
devices. In total, 228 samples and about 4000 runs (including screening batches, calibration 
curves, quality controls, blank samples, double and triplicate injections, etc.) were needed to 
complete the study. This task could not have been approached without a fast, high sample 
throughput LC-MS method. Validation of the method described in Chapter 3 supports the 
accuracy of analytical results in Chapter 4, including matrix effects considerations, since blank 
shellfish material for the accuracy assessments were taken from the same bay, thus avoiding a 
potential source of intra-species matrix effects. Linearity assessments were also very useful, since 
samples of the study described in Chapter 4 had a wide range of toxin concentrations, thus 
calibration curves and samples could be properly organized in batches to fall into the dynamic 
range of the instrument.  
 
The implemented LC-MS method described in Chapter 3 has great sensitivity and low LOQs for 
cyclic imines, and in fact it allowed the detection of very low concentrations of spirolides in 
mussels from Alfacs Bay, which was the starting point of the study described in Chapter 5 
(Confirmation of pinnatoxins and spirolides by HRMS). Spirolides had been detected before in 
some shellfish samples from Catalonia, but the previous LC-MS method used at IRTA (based on 
acidic conditions), less sensitive, only showed punctual traces of this cyclic imine. The good 
performance of the method for SPX-1 and GYM-a prompted us to request collaboration with 
the National Research Council of Canada to obtain a sample of the non-comercial (uncertified) 
reference material of Pinnatoxin G (PnTX-G). Chapter 5 shows the data of a preliminary 
validation process of the method for PnTX-G, including limits of detection below 1.5 µg/kg 
shellfish tissue (mussels and oysters) and great sensitivity. Thus, we include PnTX-G in the LC-
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MS protocol to screen shellfish samples and SPATTs samples from the Ebro Delta bays for the 
presence of spirolides and pinnatoxins, and both SPX-1 and PnTX-G could be identified by 
Multiple Reaction Monitoring in several samples.  
 
Cyclic imines are geographically wide spread, but Chapter 5 is actually the first report of PnTX-
G in Spain. Pinnatoxins and spirolides comprise a long list of more than 20 analogs, most of 
them without available reference standard materials, thus the most reliable technique to prove 
its presence for the first time in our study area was High Resolution MS (HRMS), since it 
provides great selectivity thanks to its high resolving power and precision in mass accuracy 
measurements. One of the crucial parameters in HRMS analysis is the selection of mass 
tolerance error to provide optimum selectivity: too wide mass tolerance errors produce false 
positives (the chance that the chromatographic peak is not caused by the analyte, but by a 
coeluting compound whose mass fits in the tolerance range), but too narrow mass tolerance 
errors can lead to false negatives due to shifts in accurate mass measurements caused by hidden 
isobaric interferences, and to distortion of the chromatographic peaks. Thus, we selected a mass 
tolerance error of 10 ppm, according to the performance of the method and the instrument. 
This tolerance range, widely used in HRMS applications, produced false positives even in blanks 
of methanol. Since marine microalgal toxins are usually found at trace concentrations in 
complex matrices, concentration thresholds are rarely applied to leave out false positives. We 
studied those false positives, and developed a comprehensive strategy based on orthogonal filters 
such as the inspection of isotopic patterns and MS2 spectra to unambiguously confirm the 
present toxins (PnTX-G and SPX-1) and reject the false positives.  
 
The experience with HRMS instruments and the investigation of strategies to ensure proper 
confirmation described in Chapter 5 were very valuable for the determination of toxin profiles 
of a novel cultured strain of the dinoflagellate Ostreopsis cf. ovata isolated from the Ebro Delta 
area, shown in Chapter 6 (Ovatoxin-g and isomeric palytoxin by LC-HRMS). Toxin profiles of O. 
cf. ovata have been proven to be strain-specific, and the list of new ovatoxins keeps on growing 
with every in-depth study. In this case, the strategy to prove the presence of known ovatoxins in 
the new isolated strain included comparison of retention times of individual compounds with a 
reference sample from the Adriatic sea, full HRMS spectra of the representative fingerprint of 
double and triple charged precursor ions and adducts, elemental formula assigned to the mono-
isotopic ion peak with mass accuracy measurements below 3 ppm, consistency of the isotopic 
patterns, and fragmentation behavior of individual compounds compared to the reference 
sample. Thus, the HRMS method and data mining strategy described in Chapter 6 allowed the 
unequivocal characterization of the toxin profile of a new strain of O. cf. ovata. 
 
Moreover, Chapter 6 shows the structural investigation of two unknown ovatoxins directly in 
crude extracts at nanogram per milliliter levels, which is an insufficient quantity to perform 
nuclear magnetic resonance (NMR)-based structural elucidation. First, an isobaric compound of 
palytoxin with the same full HRMS pattern was found to elute about two minutes before the 
palytoxin standard (from Palythoa tuberculosa). The study of its full HRMSn spectra of the most 
intense precursor ion ([M+H+Ca]3+ ion at m/z 906.8) and its comparison with fragmentation 
behavior of standard palytoxin (confirmed by NMR in the literature) provided enough 
information to highlight the regions of structural differences between de isomers. Chapter 6 
concluded that, compared to palytoxin, isobaric palytoxin is hydroxylated at carbon-42 (C-42) 
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and dehydroxylated at C-17 and most likely at C-64, thus isomeric palytoxin would share 
structural characteristics with ovatoxin-a. However, the extra oxygen found to be contained in 
the segment from the A-side terminal to C-8 could not be unequivocally located. The second 
unknown ovatoxin, named ovatoxin-g, presented a full HRMS spectra that followed the 
expected ionization behavior of palytoxin-like compound, and its elemental formula calculated 
from a cross-check of all the ions contained in the spectrum concluded that ovatoxin-g had one 
oxygen less than ovatoxin-a. Further studies on its fragmentation spectra revealed that, 
compared to ovatoxin-a, ovatoxin-g is dehydroxylated at C-46. Therefore, structure elucidation 
by HRMS is a useful resource to point out structural differences among analogs of the same 
family, even if they are present at trace concentrations in complex samples, but it has its 
limitation. On one hand, it relies on previous studies on reference compounds confirmed by 
NMR to facilitate the interpretation of the spectra. On the other hand, structural regions of the 
molecule that do not fragment cannot be investigated by this technique, thus some functional 
groups cannot be always allocated. Chapter 6 describes the application of a recent approach, 
proposed by Uchida et al. in 20131, to investigate the position of hydroxyl groups in polyol 
structures according to the number of water losses derived from conjugated polyenes in a 
fragment, but we proved that this approach is intensity-dependent and cannot provide 
unequivocal information. Thus, the regiochemistry and stereochemistry of microalgal toxins 
still needs NMR investigations.  
 
Besides analytical chemists and physiologists researching toxic HABs, this work may be of 
interest for stakeholders of the aquaculture sector, including policy makers, laboratories that 
perform monitoring and control, producers and consumers. The contribution of this thesis also 
has a relevant impact on the study of HABs in the Ebro Delta, one of the most sensitive and 
complex wetlands of the Mediterranean basin, which still requires much attention from 
ecologist, phycologist, bio-informaticians, toxicologist and analytical chemists. For example, 
Chapter 6 (Ovatoxin-g and isomeric palytoxin by LC-HRMS) illustrates the close collaboration 
with phycologist to study a novel strain of O. cf. ovata isolated in our study area. The analytical 
results of the study will complement the morphological and genetically characterization of the 
strain, which will be described in a paper that has been already sent to be considered for 
publication (see Appendix).  
 
The thesis also strengthened the collaborations with other European research groups focused on 
HABs and microalgal toxins. Experiments in Chapter 5 (Confirmation of pinnatoxins and 
spirolides by HRMS) with HRMS were carried out with Dr. Ambrose Furey’s group 
(PROTEOBIO) at the Chemistry Department of Cork Institute of Technology, in Ireland, where 
the LC-MS/MS method and confirmation strategy were also applied to active water samplers 
from a marine reserve from West Cork. The samples contained two spirolides (SPX-1 and 20-
methyl SPX-g) and PnTX-G, whose presence has never been reported in Ireland. These results 
will be considered for publication in the future. Chapter 6 (Ovatoxin-g and isomeric palytoxin by 
                                                             
1 Uchida, Hideaki, Yohsuke Taira, and Takeshi Yasumoto. "Structural elucidation of palytoxin analogs produced by the 
dinoflagellate Ostreopsis ovata IK2 strain by complementary use of positive and negative ion liquid 
chromatography/quadrupole time‐of‐flight mass spectrometry." Rapid Communications in Mass Spectrometry 27.17 (2013): 
1999-2008. 
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LC-HRMS) was performed with Professor Patrizia Ciminiello’s group at the Natural Products 
Department of the Pharmacy Faculty at University Federico II from Naples, Italy, the leading 
group in the research of palytoxins in the Mediterranean. Professor Patrizia Ciminiello’s group 
proposed the term “putative palytoxin” when they discovered in samples from the Adriatic Sea a 
compound that was isomeric to the standard palytoxin from Palythoa tuberculosa with a 
different retention time, but the limited quantity of this compound hampered its structural 
study, even by HRMS means. The study of isomeric palytoxin from the Ebro Delta O. cf. ovata 
strain reconsidered this issue, and the current question is if both strains produce the same 
isomeric palytoxin compound, or if these compounds have structural differences that may even 
have physiological significance. 
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8 General Conclusion 
 
The selection of chromatographic conditions and recovery correction approaches to 
implement the reference LC-MS/MS method in optimal conditions to control lipophilic toxins 
in shellfish is not a trivial decision and requires a careful study of the alternatives. 
The comprehensive assessment of the different alternatives allowed the implementation at 
IRTA of a high sample throughput method that met the European Union Reference Laboratory 
for Marine Biotoxins requirements for all toxins studied with a middle-class mass spectrometer. 
Other factors regarding the analysis context (equipment available, number of samples 
needed to analyze, and most common toxin profiles in the area of interest) also play a role in the 
decision-making process of choosing the optimum LC-MS/MS to implement.  
The study of natural populations of toxic Dinophysis in stratified Mediterranean coastal 
embayments required the study of different compartments of the ecosystem (phytoplankton, 
shellfish and water column) to understand the dynamics of diarrhetic shellfish toxins that lead 
to shellfish toxicity.  
The current monitoring strategies to control Dinophysis blooms and shellfish toxicity in 
Alfacs Bay (Catalonia, NW Mediterranean Sea) are protective enough to public health, but two 
issues must be reconsidered: 1) during the Dinophysis blooms in Alfacs Bay pacific oysters did 
not accumulate diarrhetic shellfish toxins over the European maximum permitted level, thus the 
protocols to manage the commercialization of this species could be reviewed; 2) total toxin 
content per Dinophysis cell seems to increase towards the end of blooms, thus the alert threshold 
of 500 Dinophysis cell/L may not always be protective against shellfish toxicity.  
Cyclic imines are wide spread emerging toxins in the Mediterranean: Pinnatoxin G and 13-
desmethyl Spirolide C were unequivocally confirmed in at low concentrations in shellfish and 
solid phase adsorption toxin tracking devices from Catalonia (first report of pinnatoxins in 
Spain and first detection of spirolides in Catalonia). The monitoring of the cyclic imine group is 
highly encouraged, even though they are not yet regulated, in order to gather information about 
the prevalence of these toxins in shellfish products and the levels of exposure to consumers. 
False positives in the study of cyclic imines (and potentially other marine toxins) by High 
Resolution MS can be an issue when dealing with very complex matrices and require a proper 
strategy to be discarded, based on information from isotopic patterns, precursor and product 
scans with accurate mass measurements, signal thresholds, and proper tolerances applied to 
mass filters.  
Mediterranean Ostreopsis cf. ovata presents toxin profiles that are strain-specific, and some 
strains have unique ovatoxins that are not found in other strains.  
Toxin profile of strains of O. cf. ovata from the Ebro Delta contained ovatoxin-a, -b, -c, -d 
and –e, at concentrations per cell remarkably higher than toxin quotas reported for other 
Mediterranean strains.  
Two new palytoxins were discovered in cultures of Ostreopsis cf. ovata from the Ebro Delta. 
The novel ovatoxin-g share most part of the structure with ovatoxin-a, but it dehydroxylated at 
position C-46. The formerly denominated “putative palytoxin” is indeed a structural isomer of 
palytoxin: it has one extra oxygen at position C-42, and between the A-side terminal to C-8; and 
it is dehydroxylated at C-17 and most likely at C-64. 
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Errata  
1. Section Acknowledgements (page I) should have included the following paragraph: 
We also acknowledge the following projects and institutions: the Spanish National 
Institute for Agriculture and Food Research and Technology (INIA; project code RTA2009-
000127-00-00); the ECsafeSEAFOOD: Priority environmental contaminants in seafood: safety 
assessment, impact and public perception' EU-funded project, Seventh Framework Programme 
(FP7), KBBE.2012.2.4-01: Contaminants in seafood and their impact on public health (The 
Ocean of Tomorrow), grant agreement Nº: 311820.2013-2016; INTERREG SUDOE IVB and 
FEDER through the SOE1/P1/E129 (ALARMTOX project), for covering travel expenses. 
Moreover, we thank the shellfish monitoring program of Catalonia (Departament d’Agricultura, 
Ramaderia, Pesca, Alimentació i Medi Natural, Generalitat de Catalunya), and both Drs. P. 
McCarron and M. A. Quilliam from the National Research Council of Canada for kindly 
providing ampoules of pre-released Pinnatoxin G standards. The CIT partners would like to 
acknowledge funding from the EU/INTERREG IIIB Atlantic Area Programme European 
“PHARMATLANTIC” project ‘Knowledge Transfer Network for Prevention of Mental Diseases 
and Cancer in the Atlantic Area’ and the Higher Education Authority (Programme for Research 
in Third-Level Institutions, Cycle 4 (PRTLI IV) National Collaboration Programme on 
Environment and Climate Changes: Impacts and Responses for funding the Orbitrap FT-MS 
instrumentation used in this study. The partners from Federico II di Napoli thank the frame of 
Programme STAR Linea 1, financially supported by UniNA and Compagnia di San Paolo.  
 
2. Page 56 (Chapter 4) should have included the following figure properly printed: 
 
 
Figure 4-1. Map of Alfacs Bay in the Ebro River Delta (NW Mediterranean). Dots represent 
sampling stations (PA: Port Alfacs, EA: Exterior Alfacs, CIA: Central Interior Alfacs, CSA & CFA: Central 
Alfacs, surface (S) and bottom (F), IA: Interior Alfacs, BA: Buoy Alfacs). The star symbol (*) indicates the 
location of the buoy. 
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3. Page 36, 37, 64, 65, the symbol µ should have been an μ. 
4. Page 96 (Chapter 5), the missing reference should have been Sup. Mat. Table 5-1 and 
Sup. Mat. Table 5-2.  
  
5. Page 118 (Chapter 6) should have included the following figure properly printed: 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-1. Planar structure of palytoxin (C129H223N3O54) from the soft coral Palythoa tuberculosa [5, 6] and 
ovatoxin-a (C129H223N3O52) from the Mediterranean dinoflagellate Ostreopsis cf. ovata [13, 14] Structure 
numbering and was performed according to Uemura et al. [6]. 
 
6. Page 96 (Chapter 5), the missing reference should have been Sup. Mat. Table 5-1 and 
Sup. Mat. Table 5-2.  
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